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FRAGMENTATION ANALYSIS - FUNDAMENTAL PROCESSES 

INTRODUCTION 

In the study of rock fragmentation there are two fundamental problem 
areas which can be investigated. These ere (1) investigation of the 
conditions under which fragmentation occurs and (2) investigation of the 
results of fragmenting processes. 

The first of these problem areas is where the greatest effort has 
been and is being expended. Most of this work, however, should be cate- 
gorized as studies of rock failure and/or fracture rather than rock frag- 
mentation. The significance of rock fragmentation is emphasized by 
various efforts to relate failure mechanisms to the strength of rock. 

The second problem area is justifiable from an operational viewpoint. 
Rock excavation involves fragmentation processes, such as drilling, 
blasting, and mechanical excavation. Thus, because the nature of the 
product of a fragmentation process is a function of the process itself, 
and in turn influences the selection of subsequent processes such as 
further fragmenting, handling, and transporting the rock, it is important 
that the nature of fragmentation products be known. 

Intuitively, a relationship should exist between a product size 
distribution and the energy input from the nature of the fragmenting 
process and the rock properties. Unfortunately, no such relationship 
has been defined. This then was the purpose ol." this investigation. 

Specifically, the objective of this investigation was to determine 
the relationship between energy input and the size distribution resulting 
from a single elementary fragmenting event. The actual investigation was 
conducted primarily to obtain the value of the parameters that define 
the strength of the material and the process and to relate the strength 
parameters with the mechanical properties of the material. 
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TECMICAL REPORT SUMMARY 

The main results of this project were as follows: (1) The size dis- 
tributions of rock fragments resulting from a single elementary fragmenta- 
tion event (comminution of a given size rock) was obtained.  (2) This dis- 
tribution data was used to determine the elements of the breakage matrix, 
which relates the input size distribution to the output size distribution. 
(3) A power law relationship between specific crushing energy (or input 
energy) and product size was developed. 

Three types of rocks were tested in two types of comminution events— 
drop tests and impact pendulum test,-?. The series of drop tests were con- 
sidered to be preliminary tests to Lhe main series of impact pendulum tests. 
The purpose of these drop tests were twofold—to provide an alternate 
source of comminution and to evaluate any possible effect of loading rate 
on breakage. The loading rate had no apparent effect. Composite normal 
distributions were.used to fit the fragment distribution data from the 
drop tests. 

The impact pendulum tests were of the most interest. It was found 
possible to measure to a reasonable accuracy the velocities of the moving 
parts before and after impact so that specific crushing energy could be 
calculated. A number of different distributions were fitted to the sieve 
data (resultant fragment distributions) and it was found that the normal 
distribution provided the best fit. 

From the distribution data, the breakage, matrix, which has elements 
expressing the probabilities of decreasing from one size fragment to a 
smaller one, was determined. The relationship of input (feed) distribu- 
tion to output (product) distribution was found, under certain assumptions, 
to be given by p = B' I, where p is the product vector, B' is the simpli- 
fied breakage matrix and f is the feed vector. 

Relationships between specific crushing energy and average fragment 
size were developed for the impact pendulum tests. For the three rock 
types tested, one such relationship was a power law function of the form 

E/Vo = a/y
b, 

where 
E/V = specific crushing energy, 
a,ß = constants related to the breakage process and the rock type, 

and •   v = average fragment size. 
An alternate relationship between specific crushing energy and average 
fragment size is the Charles' law formulation. 

where 
E/Vo = K [1/X2 

n~1 - 1/X1 n"1]. 

E/V 
K.8 

«= specific crushing energy, 
constants related to the breakage process and the rock type, 

Xi = initial specimen sieve size, 
and    X2 = average product sieve size. 
Values of a,b and K,n were determined from experimental data on irregular 
and disc specimens of Wausau quartzlte, anorthosite, and Felch marble. 

tmm -   —■■- 
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EXPERIMENTAL PROGRAM 

Plan of Work 

To simulate a single event fragmentation process that Is similar 
to a real fragmentation process such as occurs with a crusher. It was 
decided to use random-shaped specimens having a single given Initial 
sieve size. Disc-shaped specimens that were relatively defect-free were 
also used for greater homogeneity of breakage with fewer specimens. 
Also the breakage results of the disc-shaped specimens could be compared 
with the breakage results of the random-shaped specimens. This compari- 
son was essential because it shows the two extremes of brittle fracture 
(see also (11)) . 

A preliminary experiment (see DATA ANALYSIS section) was designed 
to determine the total number of tests required to achieve average 
values representative of sample populations. Another test series (see 
DATA ANALYSIS section) was designed to study the effect of specimen size 
and shape for the size range tested in this test program. 

Drop test equipment was initially used to provide some of the data 
necessary to achieve the objectives of this test program. It was known 
that the drop test data would not account for the energy dissipated into 
the Impact plate, the kinetic energy utilized in scattering broken frag- 
ments, heat, or acoustic energy. Therefore a low velocity impact pendu- 
lum was later designed to improve on the drop tests. 

For the Impact pendulum tests, (see DATA ANALYSIS section) most of 
the excessive energy available is utilized by the moving parts of the 
test apparatus and is accounted for by (1) determining the velocity of the 
Impact pendulum, first piston, specimen, second piston, and second pen- 
dulum, and (2) accounting for heat, vibration, acoustic, and friction 
energy by a calibration (no specimen) test procedure. 

M; 

Drop Test Apparatus 

A drop test apparatus was fabricated and installed as shown in 
figure 1. To minimize secondary breakage (multiple comminution of some 
fragments) , the inside of this chamber was lined with foam and polyeth- 
ylene sheet. The specimen was placed on top of trap doors in a platform 
and hoisted to the desired height. As soon as the platform reached a 
specified height, the specimen was discharged by a mechanical release 
pin attached to the trapdoor. Three drop heights of 25, 30, and 35 ft 
were selected to provide impact velocities of 40.1, 43.9, and 47.4 ft/sec 
and Impact energies of approximately 62.5,- 75.0, and 87.5 ft-lb for a 
typical 2.5 lb specimen. The broken material was retained in a wooden 
Impact chamber and later was swept, bagged, labelled, and sieved manually. 
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' •       •        •   . 

zzn 
Figure  1.     Drop test apparatus. 
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One huudrcü and eighty specimens (ninety of Wausau quartzite and 
ninety of auorthosite) were then fragmented in the major test series 
for these drop tests. Thirty specimens of each rock type were dropped 
from heights of 25, 30, and 35 ft. The fragments from each specimen 
were then sieved to determine composite size distribution of fragments 

In each sieve class. 

Impact Pendulum Test Apparatus 

A low velon.ity impact pendulum (Fig. 2) was constructed to provide 
higher energy for rock fragmentation and to investigate the effect of 
varying input energy on size distribution of broken material.  It mainly 
consisted of an impact pendulum (162.5 lb), first piston (38.9 lb), 
second piston (41.5 lb), and second pendulum (269.0 lb). The pistons 
were supported on two sets of roller bearings. The parts of the pistons 
were enclosed in the impact chamber. The test specimens were suspended 
by a string from the ceiling of this chamber to rest between two piston 

heads (platens). 

The test procedure consisted of (1) placing a specimen enclosed in 
a plastic bag between the platens (the bag overlaps the platens) , (2) 
releasing the Impact pendulum, (3) recording the horizontal distance the 
rebound pendulum has travelled, (A) arresting the motion of both pendulums 
after Impact and travel measurement have taken place, (5) recording the 

timer reading. 

Test Specimens 

Rocks of potential use in the present investigation may be such that 
their constituents and properties vary considerably from one specimen to 
another. To minimize such variations, three monomineralic rocks - Wausau 
quartzite, anorthosite, and Felch marble were selected. The minerals that 
these rocks are composed of represent a large proportion of rock forming 
minerals found in tunneling and other excavation projects. 

Irregular specimens ranging in size from 3 in to 3.5 in were acquired 
from muck piles of quarry blasts. The specimens which did not meet visual 
inspection standards for uniformity of mineral composition and absence of 
macroscopic ::laws were rejected.  Selected specimens were washed, dried, 

and weighed. 

In order to determine the physical properties of these rocks, a 
block of each rock type measuring 18 by 18 by 18 in was acquired, from 
which 10 specimens were cut. These physical properties are presented in 
Table 1. Disc specimens (2 in diameter x 1 in thick) were also prepared 
from these blocks by cutting and coring. Again badly flawed specimens 

were rejected. 
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TABLE 1. - Physical properties of Wausau quartzlte, 
anorthosite, and Felch marble 

Rock type 

Property Wausau 
quartzite 

Anorthosite 
Felch 
marble 

Compressive strength MN/m2 

 psi 
285.7 

41,437. 
221. 

32,053. 
172.50 

25,019o 

TpnsJle at" reneth MN/m 5.12 
742. 

8.97 
1301. 

6.78 

 psi 983. 

111.6 91.7 65.1 

Pnlco V<>1 nr-ft*v .m/sec 5130. 
16,831. 

6866. 
22,526. 

6686. 

 ft/sec 21,936. 

Bar velocitv m/sec 4679. 
15,351, 

5,742. 
18,839. 

5,952. 

 ft/sec 19,528. 

Torsional velocity m/sec 
 ft/sec 

3383. 
11,099. 

3,396. 
11,142. 

3,677. 
12,064. 

Static Young's modulus MN/m 
 psi 

7.249x10'* 
10.51xl06 

4.085x10'* 
5.925xl06 

4.318x10'* 
6.263xl06 

Dynamic Young's modulus*... .MN/m 
 psi 

5.74x10'* 
8.33xl06 

8.971x10'* 
13.01xl06 

10.35x10'* 
15.01xl06 

Dynamic shear modulus** MN/m2 

 psi 
3.000x10^ 
4.351xl06 

3.115x10'* 
4.518xl06 

3.95x10'* 
5.73xl06 

Poisson's ratio***  .251 .310 .268 

Ttone-t tv s/cm 2.649 
165.4 

2.699 
168.5 

2.899 

 lb/ft3 181.0 

*  - Calculated from bar velocity 
** - Calculated from torsional velocity 
*** - Derived from ratio of longitudinal pulse velocity to longitudinal 

bar velocity 

" 
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Figure 2 Impact pendulum apparatus. 
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Wausau quartzite is a Precambrian metamorphic rock exposed in the 
Rib Hill Mountains southwest of Wausau, Wisconsin, and it is commercially 
known as Wausau quartzite. It consists of 98.2 percent quartzite, 0.5 
percent coarse araphibole, 0.4 percent fine amphibole, and 0.4 percent 
iron oxide, and 0.1 percent feldspar. The impurities are scattered 
throughout the rock at quartz grain boundaries. The quartz crystals 
vary in diameter from 3inm to 8mm. 

Anorthosite is a monomineralic rock intrusion in the Duluth Gabbro 
complex nearly 5 miles north of Beaver Bay, Minn. It is coarse grained, 
light green in color and consists of more than 95 percent plagioclase. 

Felch marble is a dolomite named for a typical development at Felch 
Mountain in Dickinson County, Michigan.  It is mined from a vein deposit 
intrusion in Precambrian sandstone by underground mining. The marble is 
white in color, coarse in texture, and has small impurities.  In addition 
to calcium-magnesium carbonate, it contains nearly 25 percent calcium- 
magnesium silicate. 

Although all three rock types were metamorphic in origin, mono- 
mineralic in appearance, crystalline, and similar in texture and gram 
size, the shape of samples of Wausau quartzite were frequently different 
from the other two rock types.  This rock comes in three relatively dis- 
tinct shapes—flat, elongated, and equidimensional, whereas anorthosite 
and Felch marble were more generally equidimensional in shape. The 
Wausau quartzite shapes are probably related to metamorphic and tectonic 
activities during the cooling period of the Rib Hill mountain region. 

Fabric Analysis 

The mapping of both macroscopic cracks and microscopic flaws re- 
vealed that all three rock types contained a large number of cracks and 
flaws. The distribution was random. The cracks and flaws formed a net- 
work, one crack or flaw crossing many others.  It was not found possible 
to determine the number or size of cracks in any individual specimen. 
Figure 3 illustrates problems associated with crack density or crack 
propagation theories of rock fragmentation. This photograph is typical 
of rock specimens used in this investigation. Macroscopic cracks are 
few in number and very little is known about their definite origin, 
while microscopic flaws are numerous and probably associated with grain 
boundaries. 

It seems obvious from this photograph that the effects of macro- 
scopic cracks are more significant than the effects of microscopic flaws 
on certain rock properties. This is only a qualitative conjecture 
because it is not possible to verify or quantify this statement with 
experimental evidence. In certain cases, macroscopic cracks are quite 
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thin and their direction is irregular due to joining or intersection of 
other cracks. If there are microscopic flaws beneath the surface, their 
effect i<5 unknown  The direction of the crack propagation is not related 
to the direction ci the load.  1so, it is not possible to determine 
the true surface area of an ir  dar fracture path. Thus it was con- 
cluded that it was not feasible uj determine the quantitative effect of 
macroscopic cracks or microscopic flaws in this rock fragmentation project 
or to include such an effect in the experimental design. 
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BACKGROUND 

Fragment Distributions 

A number of both empirical and theoretical equations have been used 
to describe the size distribution of broken material. A brief account of 
the major equations is given below. The data is usually expressed as the 
cumulative fraction or cumulative percentage by weight under size, Y, 
(o;. over size 1 - Y = Y1) in relation to size x. 

Three of the common equations used are as follows: 

(1) Gates - Gaudin - Schuhmann (8, 6^ .15) : 

Y-(^ (1) 

where Y = cumulative fraction finer than size x, 
m ■ distribution modulus referring to the spread of the distribution, 

i.e., to t^<? slope of the line on log-log paper. 
size modulus^1 

— Schuhmann (15) expressed the size distribution of broken material by 
defining an extrapolated intercept from the linear part (fines) of the 
cumulative curve. The extrapolation of the linear portion of the-curve 
to the 100 percent passing ordinate defines the 100 percent size modulus, 
k. This method of expressing the product size has been used by many 
investigators.  (Similarly, an 80 percent modulus defined as the same 
line extrapolated to the 80 percent passing ordinate has also been used.) 

(2) Rosin - Rammler (14): 

Y = 1 exp(bx ) (2) 

where Y = cumulative fraction finer than size x. m 
b and n are similar to the constants m and 1/k in equation 1, 

I i 

i. 

1 

(3) Gaudin - Meloy (7): 

Y = 1 - (1 - £-) ̂1 (3) 

where Y = cumulative fraction finer than size x, 
x = 100 percent passing size, and 
rj = parameter related to the mean spacing of the flaws. 

    —~-—  - -— — MM~ Uli  ■irv'»*iivi.'ji 
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FIGURE 3. -  Typical photograph of macroscopic and microscopic flaws in 

Wausau quartzite specimen using dye penetrant. 
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Gaudln and Meloy suggested that their equation describes the distri- 
bution curve in the coarse range while the Gates - Gaudin - Schumann and 
Rosin - Rammler equations describe the distribution curve An the fine 
range. Thus an overall satisfactory curve fit would require the combina- 
tion of these two equations. Gaudin and Meloy derived their equation by 
using probability theory. 

Bergstrom (1A) suggested that the equation 

Y = [1 - (1 - f-)r2]qi 
o 

(4) 

combines the fine and coarse size curve fitting capabilities of equations 
1 and 2.  This equation is then nn extension of equation 3. Here 
qi  = constant for improved curve fit, 
x = 100 percent passing size, and 
r2 = parameter related to the mean spacing of the flaws. 

Harris (10) modified the Bergstrom equation 4 by inserting still 
another exponent, as follows: 

Y « 1 - {1 - [1 - £-)S]r3} q2 
X 

(5) 

He claimed no physical basis for the Lnsertion of q2 in equation 5. He 
merely inserted this term for the sake of increased curve fitting flexibility. 
It is supposedly feasible to determine the values of T2  and qi or of s, rs, 
and q2 simultaneously by using graphical or computational methods. However, 
these constants cannot be related directly to physical properties of the 
material or to the type of test. 

Gilvarry (9) derived the following theoretical equation 

Y= 1- exp [-(f) - (£)2 - (f)3] (6) 

based on the premise that fracture is caused by stress activated flaws 
randomly distributed in the volume, in fracture surfaces, and in the edges 
produced by fracture surfaces. The parameters in equation 6 are defined 
as follows: 

Y >= cumulative fraction finer than size x, 
x '■ mean linear dimension of a fragment, 
k = constant related to the mean spacing of edge flaws with respect 

to x, 
j = constant related to mean spacing of surface flaws with respect 

to x, and 
i = constant related to mean spacing of volume flaws with respect 

to x. 
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For small values of x, the higher order terms drop from this equation 
and It reduces to 

Y = 1 - exp [ - f ] (7) 

This expression Is equivalent to tu? Rotin-Rsmauier equation (2) for n = 1. 

When x becomes small in equation 7, the dominant term of the series 
expansion of the exponential becomes 1 so that 

* = f- (B) 

This result is the same as equation 1 for the case m = 1. 

Klimpell and Austin (12) verified equations 1-3 by using statistical 
theory to describe the fragment sizes obtained in simple fracture of 
brittle solids producing large particles. 

Epstein (5) constructed a statistical model for the breakage mechanism 
and the breakage process based on the theory of probability. He found that 
under certain conditions it can be proved that the distribution of broken 
material is asymptotically log-normal. 

From the literature cited above, it was concluded that the majority 
of investigators have used various forms or limiting cases of the following 
functions: 

The exponential distribution— 

Y = 1 - exp (-Xx), 

the two parameter Weibull distribution— 

Y = 1 - exp  (-x/o)   , 

the log-normal distribution— 

Y * /X  (1/B x/SÜT) exp [-  (log x - log ai)2/2B2] dx, and 
o 

the power function— 

(5) 

(10) 

(ID 

ax (12) 

where Y is the cumulative fraction finer than size x, and where X; a,o; 
aj.B; a,b are parameters of the four functions respectively. 
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Two other distributions used in statistics were added to the list 
of the above four functions. These are as follows: 

the two parameter log-Weibull di-itribution— 

$, Y = 1 - exp {- (sxp x)/e)p}, 

and the normal distribution— 

Y * /X (1/a /27) exp {- (x - y1)
2/2a2} dx 

o 
where 3,6; Hi ,a are parameters of the two functions respectively. 

(13) 

(14) 

It was not feasible to select any single equation from equations 
9-14 which describes all the size distributions of broken material that 
were found in this investigation. For this reason, it was decided to use 
a linear regression compucer program incr -porating the six equations 9-14 
and to determine the cocificlentE; of coriciaticn in all six cases (see 
DATA ANALYSIS section). 

For primary breakage, the cumulative percentage of weight retained 
(or passing) plotted against sieve size opening on a log-log grid or log 
normal grid or on other special grids frequently gives a straight line 
over a large section of the plot.  In the majority of cases the overall 
curve consists of a line with a slope in the fine range which is different 
from and usually less than unity, while in the coarse range there is a 
curve or another line with a slope usually higher than unity.  In other 
words, the distribution plot can be separated into the plots of two dis- 
tributions represented by two separate equations, one for the fine range 
and another for the coarse range. 

There is no evidence to support the hypothesis that the same fracture 
patterns exist throughout all size ranges. There is also no evidence to 
support the hypothesis that the change in fracture pattern is exclusively 
related to a change in the slope of the distribution curve.  Irregularities 
encountered in the slope may be -elated to such things as plastic deforma- 
tion at contact points (where high stress concentration occurs) , test 
method, specimen geometry, and secondary breakage. 

Energy Relationships in Fragmentation 

As mentioned in the Fragment Distributions section, the straight line 
representing a size distribution on special graph paper (e.g., a log-log 
plot) and passing through some of the data points does not go through all 
the points of both the coarse and fine region.  Thus there is no real 
justification for expressing the 100 percent size modulus k as an extra- 
polated point based on this line. ConsequeuLly there is no clear relation- 
ship between this modulus and some other measure of product distribution. 

13 
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Instead of using a size modulus, a dimensionless mean product size 
is used in this report. The following definition-was adopted: 

u ■ —2- = mean product size (dimensionless) 
xf 

n 3/ 
where: X2 =  ^  fj x. = mean product size— (in), 

1 r= 1 

-The summation is actually from i « 1 to »; however for the smaller sizes 
the f x. terms are small and can be neglected. 

x. = 

f, = 

average sieve size (mid-point of sieve class) (in), 
weight in sieve class 
total weight of specimen ' 
average feed size 
~  /. / 
yweight of specimen — (in). 
/    density 

— The above definition of xf is based on an assumed cubical shape because 
the specimens tended to be blocky. Other shapes, such as spheres, could 
also be used and would yield different factors in front of fchg cube -oot, 

Bergstrom (1) conducted a series of tests at loading rates of 10 , 10 , 
lO*1, and 106 Ibs/min. He concluded that the rate of loading had little 
effect on the energy - product relationship for glass spheres. However, he 
reported an increase in the energy required for fracture as the rate of 
loading was increased. He also investigated the magnitude and effect of 
kinetic energy on secondary breakage of glass spheres jacketed in steel and 
gelatin chambers. He noticed a significant effect of kinetic energy on 
product size distribution for two cases. He also concluded that the test 
environment, whether a steel crushing chamber or gelatin chamber, did not 
affect the average energy requirement for fracture of spheres of equal 
diameter. 

In 1867, Rittinger postulated that the energy required for size re- 
duction of a solid material would be proportional to the new surface area 
created in fragmentation. Because the new surface is directly proportional 
to the square of the new size and directly proportional to the average 
number of new particles which in turn is inversely proportional to the 
cube of the new size, mathematically Rittinger's hypothesis can be inter- 
preted as follows: 

E = K(l/X2 - 1/xi) (15) 

14 
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where 
E - energy input per unit voluae, 
K •* constant, 
»2 ■ final size, 

and   xi ■ initial size. 

This hypothesis is simple to understand and several investigators 
have used it to interpret their experimental data or to improve upon this 

hypothesis. 

In 1885 Kick postulated that equivalent amounts of energy should 
result in equivalent geometrical changes in the size of pieces of solids. 

This resulted in the equation 

E » CAn (y.i/*2) 
where 

and 

E = energy per unit volume, 
C " constant, 

X2 ■ final size, 
xi ■ initial size. 

In 1915, Gates (8) pointed out that Kick's hypothesis was at odds vith 
rigorous experimental evidence. Ever since, no experimental data has 
been obtained to dispute this fact or to show that Kick's hypothesis is 
generally applicable to size reduction of rock-like materials. 

What is frequently referred to as Charles' law (4) in the crushing 
and grinding literature (and which includes the above laws as special casesJ 
was first proposed by Gilliland (16) as follows: 

dx 
dE = -C (16) 

n 

where dE is increment of energy, x is particle size, dx is increment of 
size, and C and n are constants. The integration of the above equation 
leads to the following expression: 

n - 1  ...  « - 1- 

■ C)ln (xi^) for n = 1. 

E = /X2 [-C dx/x11] = -Ci [l/x2 
n " ' - 1/xj n " ^ for n^l,  (17) 

Thus for n = 1 and 2. equation 17 takes the form of Kick's and Rlttinger's 

laws of crushing respectively. 

Bond (2) proposed that since neither Kick's nor Rittinger's hypothesis 
seemed valid for plant design work, an energy-size reduction relatxonship 
somewhere between the two was more applicable.  The fundamental statement 
of Bond's mean index equation is derived from equation 16 with n = 1.5: 

E « -C /  dx/x 1.5 K [l/x2 '5 -  1/xi '^ (18) 

15 
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Charles (4) pointed out that for a given cumulative distribution 

y - f(x) or dy = f,(x)dr. (19) 

where y » percent of weight less tl\an size x, the energy dE required to 
" e x to x is 

m 

/X [-C dx/x11] dy (20) 

reduce a weight, dy, from size xm to x is 

d£ 

in 

(21) 

The energy E is then given by 
k      x 

E = /      /      (-C dx /x n)  f,(x)dx 

o  m 

where k is the size modulus (described earlier in this section) and c is 
a constant. Charles showed that this reduces to the form 

E = A/kn " 1 

under various assumptions. This is similar to one of the forms used later 

in this report. 

Oka and Majima (13) analyzed energy requirements in size reduction of 
irregular specimens.  Their equation is as follows: 

,  -6/P    -6/ßv 
Ei = Ki (xi D/ - X2  ' ) (22) 

where: Ei = total energy required in size reduction from feed size X2 to 
product size Xj, 

Ki = constant, 
B = constant. 

For ß = 12 or 6 this equation reduces to the empirical laws of Bond and 
Rittinger respectively; i.e., equation 22 is another form of Charles law. 

Intuitively, it is an appealing concept that the amount of energy 
utilized in the fragmentation process is proportional to the new surface 
area created (Rittinger's hypothesis). However, this concept does not 
hold in many cases due to the inherent heterogeneity and anisotropy of 
rocks and rock-forming minerals. A certain fraction of this energy is 
utilized in creating a network of cracks and flaws in new particles which 
were not inherent in the Virgin material. 

Thus, a summary of the whole situation of "laws" and equations is that 
theoretical equations tend to be approximate and essentially no more ac- 
curate than empirical equations. 

a 
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Matrix-Vector Description of Single Event Comminution 

In order to explain the results of the fragmentation analysis of this 
Impact crushing investigation, it is necessary to relate the original sieve 
size of the specimens to the distribution of the various product sieve 
sizes obtained.  One convenient method of doing this is to use the breakage 
matrix and the selection matrix. These relate the input (feed) to the 
output (product) and are explained in more detail below. Further details 
can be found in Broadbent and Calcott (2) • 

Let ai.aa,..., a be a "decreasing geometric sieve size sequence with 
geometric ratio k, i.e., ai+1 = ka^ with k < 1. 

The breakage matrix, B, is defined by 

B (V = 

bll b12 b13 

b21 b22 b23 

b31 b32 b33 

.1 
2n 

'3n 

Lbnl bn2 bn3 nn 

The b .'s relate feed fragments of size j to product fragments of 
size i, i.e^, b . is that proportion of a fragment between a. j^ and a^ 
before breakage Ähich falls between ai_1 and a± after breakage. 

The upper triangular portion of B (abo-e the diagonal line) has all 
zero elements (i.e., b  = 0 for j > i) because a fragment cannot increase 
in size during comminution. 

The selection matrix S is also used in this formulation. This matrix 
expresses the probability of selecting a set of size grade fragments. 
Thus S is defined as follows: 

1 

0 s 2 

0 s 

•     • 

0 

0 

0 

0  0  0 0  8 n 
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where s.  is the proportion of the j-th size grade selected for breakage. 

The input  (or feed or frequency) vector f is defined as follows: 

"f. 

where f, is the proportion by weight of the feed fragments between the 
(i-1) and i-th grade size. The fraction f is the last sieve range measured. 
Consequently f .. is the fraction undersize and 

f! +f2+... +fn+fn+1=l. 

The output (product) vector p.is defined in a similar fashion as follows: 

->■ 

P 

V 
where p, is the proportion by weight of the output fragments between the 
(i-1) and i-th sieve sizes. 

Putting these definitions together, it is seen th^t the effect of a 
selection and breakage process on a feed distribution f is represented by 

p = [BS + (I - S)] t 

where BS 1 is the product selected and broken and (I-S) f is that part of 
the feed not selected for breakage. This simplifies to 

J » B? 
in the present case because S is the identity raatrix I - all the specimens 
prepared are selected for comminution. 
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A further simplification of the B matrix is possible in many actual 
fragmentation processes and it was necessary to assume it to be valid 
for the present investigation. Let the matrix B be of such a nature 
that fragments of every size are broken in the same way and the product 
depends only on a scale factor. In other words, "scaling" is valid. 
Then, because the sieve sizes have been chosen to be in geometric ratio, 
It is seen that 

a^^ = a^k)1 " 1 (k < 1; i = 1, 2, ..., n). 

In this investigation k = 1/ ^ • 

Then it follows that 

'ij 
}i-j + l, 1 (1^^ ' 

so that the matrix B is completely determined by its first column and can 
be written in the new form: 

B' = 

0  0 

0 b2 bj 

b3 b2 bl 

.b b , b 0 . n n-1 n-2 

with J = B» I (24) 

where elements along any given down diagonal are all the same. 

Writing out the matrix-vector multiplication, the following equations 
are equivalent to the more concise notation of the matrix-vector formula- 
tion: 

Pi 
p2 

Vl 
V1 + blf2 

p = b f. + b, •n   n 1   n- 
fn +  ... + Kf rz 
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The importance of the simplification of B to B1 in this investiga- 
tion is that all the non-zero elements of the matrix can be obtained by 
simply finding the elements of the first column (or last row). 

In order to substantiate the assumption that the more general 
breakage matrix B can in fact be simplified as described above, It 
would be appropriate co start with the n different sizes of specimens 
and to fragment a group of each size to find out if the scaling is in 
fact valid.  In practice it was found during the first series of drop 
tests that it was not possible, within the constraint on the number of 
tests that could be carried out, to obtain consistent results of the 
different size fragmentation products when more than one initial size 
set of irregular specimens was used. Disc specimens were also used and 
it appeared that more consistent breakage with fewer specimens could be 
obtained. 

Thus one of the objectives of this investigation was to obtain the 
first column of the breakage matrix (equation 24). The values of the 
b.'s exhibited in appendices Al - Aft are the values ultimately obtained. 
It Is then assumed that the other columns of B'can be obtained from the 
b.' s as shown in equation 24. 
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DATA ANALYSIS 

Drop Tests 

Several series of drop tests were carried out to study the effects 
of size and shape so as to provide preliminary data for the design of 
impact pendulum experiments. 

The first series of drop tests was designed to investigate the 
effects of shape and size on the value of X, the exponential parameter 
in the exponential distribution: 

Y=e-Xx 

During this phase of the investigation, the exponential law was being 
used as a base law for the analysis. From this experiment and later 
drop tests, it was found that the exponential distribution was not a 

good model. 

As a basis for this preliminary investigation, random shaped speci- 
mens were used to simulate the feed vector in which all the specimens 
have the same initial sieve size. Sixty-four tests were conducted on 
specimens varying between 500 and 1,000 gm to select the number of tests 
in the final test series. 

From sieve analysis results and calculated X values, it was concluded 
that a minimum of 30 tests would be required for each test situation to 
obtain reproducible results for estimating a composite X. This value of 
30 was a compromise between statistical estimation of the variability of 
the mean, and a need to keep the total number of tests down to a reasonable 
total. Sequential testing was also considered in order to keep the number 
of samples to a minimum; however it was felt that the average sample 
number in a sequential test would have to be interpreted as 30 so that 
no savings would be achieved. 

Data analysis of the first 6A tests also revealed a high scatter in 
the value of the distribution parameter X. Therefore, a second test 
series was designed to investigate the effect of shape and size on test 

results. 

To investigate the shape factor in this second test series, the 
specimens were divided into three groups based on their geometrical con- 
figuration - equidimensional, elongated, or flat. To Incorporate the ef- 
fect of volume, the weight of specimens in each category was varied from 
100 to 7,000 gm. All specimens were dropped from a constant height of 

35 ft. 

Results of the experiments indicated a high scatter in the indi- 
vidual values of X. The data also indicated that equidimensional speci- 
mens show a lower probability of breakage than do elongated specimens 
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which, in turn, show a lower probability of breakage than the flat speci- 
mens. The larger specimens also showed higher probability of breakage 
than the smaller specimens for comparable shapes, 

summarized in table 2. 

These results are 

The values of X for each weight class also increase as the proba- 
bility of breakage increases. This is to be expected because 1/X is the 
mean of the exponential distribution; i.e., the average size decreases 

as the probability of breakage increases. 

In the final series of drop tests, one hundred and eighty specimens 
(ninety of Wausau quartzite and ninety of anorthosite) were fragmented. 
Thirty of each rock type were dropped from heights of 25, 30, and 35 ft. 
The fragments from each specimen that broke were then sieved to obtain 
the weight of fragments of each specimen in each sieve class. 

To analyze the sieve data, the cumulative sieve percentages were 
obtained and plotted for each specimen that broke - all plots for one 
drop height being shown on the same graph. It was evident from these 
three graphs that the sample-to-sample variation was so great that taking 
an average (forming a composite) of all the samples (number of samples = 
n < 30) would yield a better description of all the samples and conse- 
quently show better the general trend of the fragmentation process. 

Consequently the next step taken was to form a composite distribu- 
tion by adding the n individual weights together for each sieve class 
and then finding the percentage and cumulative percentage for each sieve 
class. This was carried out for each of the three drop heights (see 

Figs. Aa and 4b). 

Another method of forming a composite distribution for each drop 
height is to find the fraction by weight for each Individual specimen 
for each sieve class and to average these n fractions for each sieve 

class. 

The first composite distribution described above is equivalent to 
the distribution that would be obtained by breaking all the original 
size rocks together. This, in effect, simulates a multiple rock single- 
event crushing process. The second distribution described above is the 
statistical distribution that it would be natural to form. Thus both 
distributions are logical from different points of view. As it turns 
out, both distributions are very nearly the same, i.e., the overall 
percentage in each sieve class is approximately the same for either 
distribution. In this investigation both distributions were calculated, 

but only the former is shown in the various figures. 

22 

I —---        mm^mtrntm *""—'"*'1-' --•- •'  . . . ^.- 



|ppU'Jii!ijp4PPKWMf^B^ SSPPPP^I^W ^pp||Pf|ppj!!pipRf^»Bpw?pPip| ^ 

ISWU'CA1^ ***■ 

^ 

14 

11 

If. 
Ö 

i: 

E 

i: 
r 

TABLE 2. - Experimental data from low impact velocity drop tests 
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Specinr-jn size (small) 

Shape 

Number of 
replications 
(includes ^»oth 
broken and un- 
jroken specimens) 

X for average 
weight of 800 gm 

(approx) 

Probability 
of breakage 

Equidimens ional 
Elongated 
Flat 

47 
A9 
37 

0.060 
.114 
.174 

0.618 
.835 
.975 

Specimen size (large) 

Number of 
replications 

X for average 
weight of 1,600 gm 

(approx) 

Probability 
of breakage 

Equidimens ional 
Elongated 
Flat 

32 
27 
46 

0.054 
.089 
.116 

0.876 
.965 

1.000 
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The final step was to statistically analyze and plot these cumula- 
tive results to find which distribution fitted best. Three distributions 
were used - the power law distribution, the exponential distribution, 
and the normal distribution. It turned out that the normal plots had 
the best correlation coefficient, but this was not evident until the 
following complicfcion had been resolved. 

The composite set of data points for a given drop height when 
plotted on normal paper yielded a set of data points which resembled a 
straight line segment and a slowly bending curve (see Figs. 4a and 4b). 

Consequently it was decided to separate the sieve data into two 
groups - "fine" and "coarse." The cut-off point was selected visually 
as approximately 1.05 inches for the anorthositc and 1.25 inches for the 
Wausau quartzite. These two groups were then recompiled (renormalized) 
separately and each group was plotted separately. Thus where there were 
three "dual" segment plots before, there are now six separate sets o^ 
points and lines for each rock type. These are shown in figures 4c, ^d, 
4e, and 4f. These last six lines (on normal paper) were fitted by the 
least squares procedure. The correlation coefficient for each line, 
showing goodness of fit, is also shown on each figure. 

Note that each curve or straight line in figures 4a-4f was plotted 
for a given drop height. This is equivalent to plotting for a given 
specific crushing energy because specific crushing energy is proportional 
to drop height: 

E = 
c 

Wh 
(W/p) 

= ph 

where! E = specific crushing energy (ft lb/ft3), 
|5 = rock density (constant) (lb/ft3) , 
W = specimen weight (lb), 
h = drop height (ft). 

Impact Pendulum Test 

For each separate impact pendulum test, calculations were made of 
the rebound height of the second (rebound) pendulum by two methods. The 
rebound heights by the two methods respectively were calculated as follows! 

0 
First method: 

h = R - A2 -  x2 (25) 

- - 

; - - 

where: h = rebound height (in) , 
R = length of pendulum wire (from pivot point to center of gravity 

of rebound pendulum) (in), 
x = measured horizontal travel of rebound pendulum (in). 
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Figure 4c. Normal curves  for  fragments ?  1.25 in fitted to cumulative size 
distributions of composite data from drop tests of irregular 
Wausau quartzite specimens. 
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Secoi.d method: 

where At 
(26) 

V =• rebound velocity (ft/sec) , 
Ay - 1/12 (ft), 

= width of black shield attached to pendulum, 
At = time (sec) for shield to travel 1/12 ft (measured by timer). 

Calculations from the photocell/timer indicated inconsistent velocity 
values. This was probably caused by fluctuations beyond control in back- 
ground lighting which affects the two trigger points that start and stop 
the At time interval on the digital counter. Consequently these calcula- 
tions were not used in the analysis. 

Calibration of Impact Pendulum 

It was essential to calibrate the impact pendulum for two reasons, 
(1) to determine the energy lost in the system and (2) to check the 
alignment of the pistons by verifying for given input energies the re- 
peatability of the piston x/p.locities. High-speed photography was used 
to determine the relative motions of the first pendulum, first piston, 
second piston, and second pendulum with no specimen present. Five high- 
speed photographs were mailc.  of these moving parts.  It was found that 
after impact the latter three parts remained in contact with each other 
and travelled as one unit for a distance of about 1 in. After this, the 
second pendulum separated from the two pistons because of the roller 
bearing friction on the pistons. The first pendulum approximately stopped 
after impact. Since the latter three parts remained in contact with each 
other briefly after impact, it was assumed that the velocities of all 
three were the same. 

In order to calculate the mechanical energy lost, E  , the following 
energy balance relationship is used (see sketch below): 

or 
Energy in = Energy out + Energy lost, 

Vlhi  =  1/2   (% + %  V22 + Withij + ET 
g g 

(27) 
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Wi = weight of first pendulum, 
hi = release height, 
W2 m weight of first piston, 
W3 = weight of second piston, 
V2 ■ velocity of first and second pistons, 
Wij = weight of second pendulum, 
hi^ = height to which second pendulum ascends, 

E- = energy lost in friction, heat, vibration, etc, 
1  specimen between pistons. 

with no 

Equation  (27)  can be rewritten as 

/W5 Ws 
ET    = Wih!  - W^ - 1/2   (PI + ^) V22 

"1 8 8 
(28) 

The numerical values for the input energy, Wihi, for the calibration 

output energy 1/2 (r2-+ —i) V22 + Wi^hit, and for energy lost, E^  , are given 

in Table 3 (see equation 28). 

Calculation of Crushing Energy 

High-speed photographs of specimen fragmentation runs indicated that 
all the moving parts (first pendulum, first piston, specimen, second 
piston, and second pendulum) remain in contact immediately after impact. 
When the specimen is held between the two pistons, the motion of the first 
pendulum is different than in the calibration calculations (where no speci- 
men was present) in that it moves along with the other parts. Thus, to 
obtain the crushing energy utilized in breaking the specimen, it was only 
essential to determine the velocity of the second pendulum immediately 
after impact both with and without a specimen held between the pistons. 

The energy balance when the specimen is present (see sketch below) is 
given by the following equation: 

or 
Energy in = Energy out + Crushing energy + Energy lost, 

Wih! = 1/2 (^ + ^ + ^ + ^) V32 + W.hs + Ec + EL2 , (29) 

I "I 

'- w. I       v^a s ^ 
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TABLE 3. - Energies involved In calibration 
for different input energies. 

Release Release 
Input Calibration Energy 

height height, 
energy 
Wihi 

output energy lost,  ET 

ft-lbLl position ■i n ft-lb 
(see figure 2) ft-lb 

3 7.0   . 95. 67. 28. 

C 12.1 164. 122. 42. 
2 16.5 223. 160. 63. 
B 21.5 293. 220. 73. 
1 26.9 365. 271. 93. 
A 33.6 455. 355. 101. 

0 
0 
0 
0 
D 

li 
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where 
•'l» W2, W3, Wit, and hi are defined above, 
W ■» weight of specimen, 
V3 = velocity of first and second pistons, 
hs = height to which second pendulum ascends, 
E = crushing energy, 

E,  = energy lost in friction, heat, vibration, etc. with specimen 
present. 

It is assumed that 

• ET  = E.  . 
Li   L2 

Hence when equations (27) and (29) are set equal, the following expression— 

-Note also that Wi^ = 1/2 ^ V22 and Wi+hs = 1/2 % V32 
-S. _S. 

for crushing energy, E , is found: 

Ec=l/2 («I + % V22 _ 1/2 ("L+W^Wj + Wi) ^^ 
*- 6     6 B B & B 

-  Withs. (30) 

The input energy Wjli] is the same during both calibration runs and specimen 
runs from a given release height; consequently, this parameter does not 
affect the value of crushing energy E and so does not appear in equation 30. 

A computer program was used to calculate the calibration output energy, 
and crushing energy, and the specific crushing energy for each specimen 
and averages of these for each release height (input energy) and rock type 
used in the testing.  (See DATA ANALYSIS, Impact Pendulum Test section.) 

To facilitatp. analysis, four digital computer programs were used to 
analyze the recorded test data and sieve data obtained from the fragmented 
specimens. 

The first program used sieve data to calculate the following: cumula- 
tive data for each resultant fragment distribution, the composite distribu- 
tion from a number of these individual fragment distributions, and the means 
and standard deviations of the individual and composite distributions. 
All the sieve data from the 270 fragmented irregular (-3.5 +3.0 in) speci- 
mens and the 150 disc (2 in diameter x 1 in) specimens of the three rock 
types were run using this program. 

The second program was used to calculate the rebound velocity of the 
rebound pendulum from both a photocell/timer method and a distance measuring 
method.  (This was discussed in the Impact Pendulum Test Apparatus section.) 
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The third computer program was used to calculate the calibration 
output energy, the crushing energy, and the specific crushing energy 
(crushing energy/specimen volume) for each specimen and averages of 
these for each release height (energy input) and rock type used in the 
testing.  (The equations for calculating these energies were developed 
In the Experimental Prograu section.) This data is summarized in ap- 
pendices Bl - B24. 

The fourth program was used to fit various functions to the sieve 
data. The six distribution functions given in equations 9-1A were used. 
The fitted normal distributions are shown in figures 5a, 5b, 5c, 5d, 5e, 
and 5f. The same method of combining individual tests into a composite 
distribution is used as was used to obtain the composite distribution 
for the drop tests. 

The output from these computer programs was quite extensive and 
consequently is not totally reproduced in this report.  Instead, a summary 
of the most pertinent information is given in appendices Bl - B24 and 
Cl - C6. 

Included in appendices Bl - B24 are specimen weight, mean product 
size, standard deviation of product, specimen output energy (from pen- 
dulum output velocity), crushing energy (that portion of the input energy 
actually utilized in crushing), specific crushing energy (crushing energy 
per volume of specimen), averages of the above parameters, and mean and 
standard deviation of the composite fragment data.  (Composite data are 
obtained by pooling the weights of fragments in given sieve classes from 
all the products listed in that particular appendix.) 

Because the specimens, particularly the irregular ones, were of dif- 
ferent sizes and weights even though they were of the same sieve size, it 
was necessary '.:o compare the mean product size and the product standard 
deviation with an original size as follows: The original weight of the 
specimen was converted to volume by dividing by the rock density, and the 
cube root of this volume was considered to be the specimen size. Dividing 
this value into the values of the mean and standard deviation yielded a 
dimensionless mean and standard deviation. These dimensionless versions 
of the mean and standard deviation are also given in appendices Bl - B24. 
The dimensionless mean is also used in several figures. 

Included in appendices Cl - C6 are summary data relating to various 
functions that were fitted to the cumulative sieve data. The columns 
headed A and B give the intercept and slope respectively of the fitted 
function in the form where it has been found as a straight line, (e.g., 
R = exp (Xx) becomes y = logR = Xx, so that A = 0 and B = X). 
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Figure 5a. Normal curves fitted to cumulative size distributions of 
composite data from Impact tests of irregular Wausau 
quartzlte specimrns. 
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Figure 5b.  Normal curves fitted to cumulative size distributions of 
composite data from impact tests of irregular anorthqsite 

specimens. 
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Normal curves fitted to cumulated size distributions of composite 
data from impact tests of disc Wausau quartzite specimens. 
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Figure 5e.     Normal curves fitted  to cumulative  size distributions of composite 
data from impact tests of disc anorthosite specimens. 
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The other two columns show the coefficient of correlation and the 
coefficient of determination. The correlation coefficient shows how 
well the line fits the transformed data points, and the coefficient of 
determination shows how well the fitted function fits the original points. 
Comparison of the various correlation coefficients is usually taken to 
indicate the best fit of those functions considered. The normal func- 
tion generally yields the best fit and the power curve or the log Weibull 
the second best fit in these appendices. 

Inasmuch as the normal was taken to be the best fit, it was desirable 
to make a check on the suitability of the normal, so a separate compari- 
son between the mean and standard deviation of the product as calculated 
from the normal distribution and as calculated from the composite sieve 
data (also shown in appendices Bl - B24) was made. Table 4 provides the 
data organized for•comparison, Generally the composite mean is slightly 
greater than the normal mean, but the composite standard deviation is 
less than the normal standard deviation. Thus it appears that the normal 
is a reasonable fit to the data. 

In this investigation, the first attempt at relating specific energy 
and mean product size followed along the lines of the work of Bergstrom 
(2) or Charles (A), as discussed in the Fragment Distributions section. 
The function used was the following hyperbolic (or power law) function 

where 
E/V = a/y o 

(31) 

E = 
V = 
a,5 = 

y = 

x = 

energy (ft-lb) 
initial specimen volume (ft3) , 
constants related to the breakage process and the rock type, 
X /X£ = dimensionless mean product size, 
P * 

mean product sieve size (in), 
initial specimen size (in) = V 1'3 (V in in3). 

The mean product size was used rather than the 100 percent modulus 
(the curve fitted value of the ratio of the largest product size to the 
initial specimen size) because the 100 percent value would have been 
between 0.9 and 1.0 in all cases, making it difficult to distinguish 
between differing product size results resulting from different input 
energies. 

The values for a and b were determined by a digital computer least 
squares fit of the power law. These values are summarized in a brief 
table included in figure 7. Both figures 6 and 7 show the power law 
fitted to the data points, figure 6 on rectangular graph paper and figure 
7 on log-log paper. The lines in figure 7 show excellent fits to the 
data points, particularly in the disc specimen cases. Note that in 
figure 7,a is the intercept, i.e., the value of E/V when y = 1 (or 
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l     -. TABLE 4. - Comparison of mean and standard deviation as calculated from 
the normal distribution and from composite sieve data 

I. 

i 

i s »-' 

i n 

B  )!■ 

j r 
i- a 

s 1. 

Material 

Felch Marble 
Felch Marble 
Felch Marble 

Release 
height 

itausau 
quartzite 

Wausau 
quartzite 

Wausau 
quartzite 

Anorthosite 
Anorthosite 
Anorthosite 

Felch Marble 
Felch Marble 
Felch Marble 
Felch Marble 
Felch Marble 

Wausau 
quartzite 

Wausau 
quartzite 

Wausau 
quartzite 

Wausau 
quartzite 

Wausau 
quartzite 

Anorthosite 
Anorthosite 
Anorthosite 
Anorthosite 
Anorthosite 

C 
B 
A 

C 

B 

A 

C 
B 
A 

C 

2 

B 

1 

A 

C 
2 
B 
1 

A 

Shape 

Mean = y 
(in.) 

irregular 
irregular 
irregular 

irregular 

irregular 

irregular 

Normal 

irregular 
irregular 
irregular 

c disc 

2 disc 

B disc 

1 disc 

A disc 

disc 

disc 

disc 

disc 

disc 

disc 
disc 
disc 
disc 

disc 

2.304 
1.931 
1.522 

2.030 

1.631 

1.387 

Composite 

2.647 
2.191 
1.530 

0.860 
0.630 
0.472 
0.372 
0.322 

0.700 

0.535 

0.397 

0.318 

0.166 

0.856 
0.662 
0.556 
0.420 
0.339 

2.264 
1.958 
1.612 

2.052 

1.713 

1.476 

2.474 
2.198 
1.640 

0.764 
0.666 
0.570 
0.492 
0.445 

0.803 

0.680 

0.545 

0.460 

0.362 

0.864 
0.760 
0.634 
0.548 
0.463 

Standard 
Deviation = o 

(in.) 
Normal 

0.939 
0.951 
0.806 

0.967 

0.910 

0.937 

Composite 

1.094 
1.029 
0.872 

0.573 
0.462 
0.390 
0.332 
0.307 

0.488 

0.447 

0.414 

0.319 

0.327 

0.543 
0.472 
0.463 
0.421 
0.309 

0.724 
0.851 
0.745 

0.835 

0.838 

0.852 

0.708 
0.811 
0.787 

0.268 
0.281 
0.266 
0.239 
0.230 

0.283 

0.307 

0.267 

0.227 

0.211 

0.267 
0.302 
0.278 
0.280 
0.230 
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Figure 6. Power curve plots of specific crushing energy verus mean 
fragment size. 
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X = X ). Also note that each point In figures 6 and 7 is an average 
fBr a given input energy taken from 10 points for the disc specimens 
and 30 points for the irregular specimens. 

Another attempt at relating specific energy and mean product size 
was somewhat similar, but less successful. This approach consisted of 
fitting Charles' law (see Background) to the data points. 

is given by 

Charles' law 

n-1- 
E/V = K [l/(X2) n'1 - l/(Xl) ""^ (32) 

where: E = specific energy (ft ), 
V = volume (ft3), 
X2 ■ mean product sieve size (in), 
Xi = initial product sieve size (in) (3.25 in for irregular speci- 

mens and 2.00 in for disc specimens), 
K,n » calculated constants related to the breaking process and the 

rock type. 

One data analysis problem here is that there is no linearizing trans- 
formation to which a least squares fit can be made. Consequently, trial 
and error calculations were used to find a value of n that gave approxi- 
mately constant K values for different (E/Vo, X2) data points. The re- 
sults of these calculations are summarized in table 5. 

Note that the power law function and the Charles' law function are 
not too dissimilar, so that somewhat similar exponents can be expected. 
The main difference between these two functions is the subtractive term 
in the latter function. As pointed out in the Background section, neither 
of these functions is really a law, but merely a general empirical form 
which may or may not fit a particular breakage process and rock type. 

Discussion of Results 

An interpretation of the data analysis results is somewhat complicated. 
The rock properties shown in table 1 are not all clearly consistent with 
each other.  It had also been postulated that in the case of the impact 
tests perhaps one or more of the parameters of the specific energy versus 
product size relationship could be correlated to one or more of these rock 
properties. Also it had been postulated that the. parameters themselves 
might differentiate between rock types as to breakability. Neither postu- 
late could be totally proved or disproved. 

At the inception of this project it was planned to use several mono- 
mineralic rocks of different strengths. Initially Wausau quartzite and 
anorthosite were used and Felch marble was later added as this rock was 
expected to be weaker and softer. The eventual results of a standard 
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TABLE 5. - Results of fitting Charles' law to 
energy versus mean product size data. 

Material 

Wausau 
Quartzlte 

Anorthoslte 

Felch Marble 

Wausau 
Quartzlte 

Anorthoslte 

Felch Marble 

Shape 

Irregular 

Irregular 

Irregular 

Disc 

Disc 

Disc 
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n 

2.5 

2.8 

3.1 

2.0 

2.4 

2.7 

K 

3.53 x KT 

5.03 x 104 

5.10 x 104 

4.66 x 10 

4.04 x 10 

2.66 x 10^ 
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suit? of property tests (table 1) indicated a consistent trend on com- 
paring compressive strength and hardness - Wausau quartzite was strongest 
and hardest, then anorthosite, and Felch marble was weakest and softest. 
However, tensile strength did not follow the same trend - the low value 
was for Wausau quartzite, which seems unlikely. Also the calculated^ 
dynamic Young's modulus turned out to be lower than the static Young s 
modulus for Wausau quartzite, which seems unlikely. In retrospect, 
perhaps the block from which the Wausau quartzite property test specimens 
were prepared contained more flaws than expected. Alternately the anor- 
thosite or Felch marble properties might be inaccurate. One way to shed 
lieht on this problem would be to carry out many replications of these 
tests with other samples of the same material. This was not possible 
Within the limited time, goals, and costs of this project. 

The drop test experiments were performed on irregular (-3.5 + 3.0 in) 
specimens with the drop energy level being the only factor varied. The 
analysis of the distribution results of these experiments showed an ap- 
parent significant effect of the level of energy applied on the size dis- 

tribution parameters. 

While it was possible to make these observations based on fitting 
the drop test data to a negative exponential distribution, it was ap- 
parent that this distribution was not sufficiently accurate for our pur- 
poses. One reason for this is that the experimental distribution data 
were always biraodal rather than unimodal, as originally assumed. Sub- 
sequent analysis of the data showed that the fine material can be fitted 
by a separate normal distribution from the normal distribution describing 

the major portion of the product. 

Certain inconsistencies were observed in the experimental data. 
Neither the mean size nor the standard deviation of the product varied 
in a regular manner with the applied energy. Also the slope of the fitted 
lines on the probability plot increased with drop height for the Wausau 
quartzite, but did not increase for the anorthosite (see Figs. Aa and 4b). 
One cause of these inconsistencies, of course, is that not all the energy 
goes into breakage. Another cause is the small ,;amPle sizes that resulted 
from lack of breakage, particularly in the case of the 25 foot drop height, 
Additional specimens were not run to replace those specimens that failed 
to break, because the impact test was going to replace the drop test. 

The first impact pendulum test results were from the fragmentation 
sieve data analysis (Figs. 5a, 5b, 5c, 5d, 5e, and 5f). On comparing 
the appropriate lines on these plots, it can be seen that there was some 
difference in the breakability of the three rock types, but that this 

difference was not extremely great. 
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The next step was to determine whether any of the parameters of the 
specific energy versus product size relationship might be correlated 
with any of the rock properties using either the power law relationship 
or the Charles1 law relationship. From the brief table of figure 7 for 
the power law and from table 5 for Charles' law, it can be seen that the 
only direct relationship is for the a (or K) values respectively, and 
then only for the disc specimens, not the irregular specimens. That is, 
the values of a (or K) decrease directly as compressive strength and 
hardness decrease, in the order Wausau quartzite, anorthosite, and Felch 
marble. If b (or n) were constant this ordering would imply decreasing 
breakability. However, b (or n) is increasing at the same time as a 
(or K) is decreasing. Thus no clear pattern evolves. 

It appears that the b (or n) values are more important in assessing 
rock breakability than the a (or K) values for the higher specific 
energies.  (Than is, the higher the line on the graph, the stronger the 
rock type.) As is evident from figure 7, in both the irregular and disc 
specimens groups of lines, some of the lines cross because the exponent 
b (or n) eventually "overrides" the intercept a (or K). 
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CONCLUSIONS AND RECOMMENDATIONS 

The following conclusions can be drawn: 

1. The impact pendulum rock fragmentation device proved to be a valuable 
tool in obtaining fragment data and energy-fragment size relationships. 

2. The rock properties tested are not consistent from rock type to rock 

type. 

3. No relationship could be established between specific energy or 
fragment distribution and number and size of cracks. 

4. Drop test sieve distributions can be represented by composite normal 

distributions. 

5. Impact pendulum test sieve distributions can be represented by normal 

distributions. 

6. For the impact tests, specific crushing energy versus mean product 
size (for a given initial specimen or feed size) can be well represented 
by a power law or Charles' law. The exponents of the power law for the 
different rock types and shapes were generally larger than expected, com- 
pared to earlier experimental results reported in the literature. 

7. The exponent of the power law appears to be the controlling factor 
for the higher specific energies, i.e., for higher specific energies, 
the larger the exponent the stronger the rock. 

The following recowmendations are made: 

1. Some additional impact pendulum tests at slightly higher input energy 
(and hence higher crushing energy) levels should be run using the same 
rock types. Perhaps up to twice the maximum energy used in the current 
series could be used.  (Excessive energy levels would eventually change 
the breakage process into some sort of grinding process, which would no 
longer be an approximation of a single event breakage.) 

2. More extensive property determinations tests should be run, using the 

same three rock types. 

3. Another rock type could be run if a suitably stronger and harder 

monomineralic rock could be found. 

4. Further research and thought need to be devoted to other possible 

interpretations of the data analysis. 
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APPENDIX A—BREAKAGE MATRIX ELEMENTS 

Table Al " Breakage matrix elements, b , (not smoothed) for Irregular 
(-3.5 + 3.0 in) Wausau quartzite specimens. 

1 ' 

!; 

n i u 

Sieve 
size 
in 

-3.50 
-3.00 

3. 
2. 

-2.50 + 2. 
-2.12 + 1. 
■1.75 
-1.50 
-1.25 

+ 
+ 
+ 

1. 
1. 
1. 

-1.050 + 0 
-0.875 + 0 
-0.742 + 0 
-0.625 + 0 
-0.5250 + 
-0.4375 + 
-0.3750 + 
-0.3125 + 
-0.2630 + 
-0.2210 + 
-0.1850 + 
-0.1560 + 
-0.1310 + 
-0.1100 + 

00 
50 
12 
75 
50 
25 
05 
.875 
.742 
.625 
.525 
0.4375 
0.3750 
0.3125 
0.2630 
0.2210 
0.1850 
0.1560 
0.1310 
0.1100 
0.0930 

SUM 

b, - i = 1, 2, 21 

Input energy 
= 164 ft-lb 

0.1374 
.2170 
.0933 
.1935 
.0816 
.0783 
.0501 
.0286 
.0172 
.0175 
.0150 
.0156 
.0074 
.0060 
.0056 
.0050 
.0034 
.0027 
.0025 
.0024 
.0019 

Input energy 
= 293 ft-lb 

.9820 

53 

0.0573 
.1417 
.1246 
.1416 
.0879 
.0949 
.0703 
.0707 
.0329 
.0285 
.0210 
.0224 
.0154 
.0111 
.0102 
.0092 
.0059 
.0054 
.0054 
.0042 
.0037 

.9643 

Input energy 
= 455 ft-lb 

0.0679 
.0578 
.0675 
.1404 
.0910 
.1001 
.0876 
.0631 
.0416 
.0455 
.0372 
.0296 
.0221 
.0184 
.0150 
.0145 
.0103 
.0088 
.0088 
.0073 
.0063 

.9408 

-- —- -■ 
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Table A2 - 

I 

T 
5 

a. 

Breakage matrix elements, b., (not smoothed) for irregular 
(-3.5 +3.0 in) Anorthosite specimens. 

Sieve 
sis :e 
in 

-3 50 + 3. 00 
-3 00 + 2. 50 
-2 50 + 2. 12 
-2 .12 + 1 75 
-1 .75 + 1 50 
-1 .50 + 1 25 
-1 .25 + 1 05 
-1.050 + 0.875 
-0.875 + 0.742 
-0.742 + 0.625 
-0.625 + 0.525 
-0.5250 + 0.4375 
-0.4375 
-0.3750 
-0.3125 
-0.2630 
-0.2210 
-0.1850 
-0.1560 
-0.1310 
-0.1100 

0.3750 
0.3125 
0.2630 
0.2210 
0.1850 
0.1560 
0.1310 
0.1100 
0.0930 

SUM 

b. - i = 1, 2 21 

Input energy 
= 164 ft-lb 

0.2521 
.2852 
.2148 
.1071 
.0258 
.0378 
.0107 
.0167 
.0065 
.0067 
.0049 
.0060 
.0026 
.0035 
.0026 
.0023 
.0016 
.0015 
.0013 
.0012 
.0010 

Input energy 
= 293 ft-lb 

.9919 

j.. 

54 

0.1306 
.3194 
.1458 
.1082 
.0751 
.0529 
.0374 
.0299 
.0141 
.0147 
.0097 
.0095 
.0076 
.0065 
.0050 
.0042 
.0030 
.0028 
.0027 
.0025 
.0020 

.9836 

Input energy 
= 455 ft-lb 

0.0343 
.1031 
.1100 
.2210 
.0984 
.0887 
.0560 
.0542 
.0325 
.0349 
.0245 
.0234 
.0151 
.0132 
.0110 
.0103 
.0072 
.0065 
.0062 
.0058 
.0048 

.9611 
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Table A3 - 

:: 

1: 

: 

Breakage matrix elements, b., (not smoothed) for irregular 
(-3.5 +3.0 in) Felch marble specimens 

Sieve b±- i = 1, 2, . . . , 21 

size Input energy Input energy Input energy 
in = 164 ft-lb = 293 ft-lb = 455 ft-lb 

-3.50 + 3.00 0.1770 0.1439 0.0269 
-3.00 + 2.50 .1826 .1282 .0814 
-2.50 + 2.12 .2589 .1411 .1384 
-2.12 + 1.75 .1730 .1824 .1803 
-1.75 + 1.50 .0566 .0801 .1219 
-1.50 + 1.25 .0449 .0918 .1016 
-1.25 + 1.05 .0295 .0408 .0755 
-1.050 +0.875 .0166 .0536 .0606 
-0.875 + 0.742 .0081 .0195 .0339 
-0.742 + 0.625 .0102 .0224 .0372 
-0.625 + 0.525 .0102 .0167 .0213 
-0.5250 + 0.4375 .0050 .0139 .0203 
-0.4375 + 0.3750 .0042 .0108 .0156 
-0.3750 + 0.3125 .0034 .0070 .0113 
-0.3125 + 0.2630 .0031 .0063 .0102 
-0.2630 + 0.2210 .0022 .0058 .0088 
-0.2210 + 0.1850 .0016 .0035 .0057 
-0.1850 + 0 1560 .0014 .0035 .0052 
-0.1560 + 0.1310 .0012 .0033 .0049 
-0.1310 + 0.1100 .0010 .0028 .0041 
-0.1100 + 0.0930 .0009 .0021 .0033 

SUM .9916 .9795 .9684 

55 
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i: 
Table A4 -Breakage matrix elements, b., (not smoothed) for disc-shaped 

(-2.12 +1.75 In) Wausau quartzite specimens 

u i. 

■   ■ 

n: 

i. 

!il 
^   I i 

Sieve bl- t- I, 2, . . . , 18 

size Input energy Input energy Input energy Input energy Input energy 
In = 164 ft-lb = 223 ft-lb = 293 ft-lb = 365 ft-lb = 455 ft-lb 

-2.12 + 1.75 0.0000 0.0000 0.0000 0.0000 0.0000 
-1.75 + 1.50 .0000 .0000 .0000 .0000 .0000 
-1.50 + 1.25 .  .0000 .0000 .0000 .0000 .0000 
-1.25 + 1.05 .0506 .0477 .0000 .0000 .0000 
-1.050 + 0.875 .5110 .2609 .1312 .0373 .0265 
r0.875 + 0.742 .0643 .1087 .0401 .0396 .0104 
-0.742 + 0.625 .0489 .0752 .1225 .1114 .0250 
-0.625 +0.525 .0195 .0581 .1072 .0923 .0614 
-0.5250 + 0.4375 .0391 .0465 .0835 .0896 .0581 
-0.4375 + 0.3750 .0245 .0463 .0542 .0785 .0612 
-0.3750 + 0.3125 .0217 .0422 .0474 .0697 .0656 
-0.3125 + 0.2630 .0181 .0317 .0296 .0528 .0673 
-0.2630 + 0.2210 .0204 .0278 .0383 .0505 .0567 
-0.2210 + 0.1850 .0150 .0182 .0305 .0302 .0454 
-0.1850 + 0.1560 .0194 .0194 .0241 .0297 .0422 
-0.1560 + 0.1310 .0135 .0201 .0281 .0273 .0410 
-0.1310 + 0.1100 .0108 .0171 .0212 .0253 .0359 
-0.1100 + 0.0930 .0094 .0140 .0180 .0215 .0327 

SUM ..8804 .8339 .7759 .7557 .6294 

3JC 

56 
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Table A5 Breakage matrix elements, b., (not smoothed) for disc-shaped 
(-2.12 + 1.75 in) anorthosite specimens 

Sieve 
size 
in 

-2^12 + 1.75 
-1.75 + 1.50 
-1.50 + 1.25 
-1.25 + 1.05 
-1.050 + 0.875 
-0.875 + 0.742 
-0.742 + 0.625 
-0.625 + 0.525 
-0.5250 + 0.4375 
-0.4375 + 0.3750 
-0.3750 + 0.3125 
-0.3125 + 0.2630 
-0.2630 + 0.2210 
-0.2210 + 0.1850 
-0.1850 + 0.1560 
-0.1560 + 0.1310 
-0.1310 + 0.1100 
-0.1100 + 0.0930 

Input energy 
= 164 ft-lb 

SUM 

0.0000 
.0000 
.0000 
.0952 
.6126 
.0318 
.0200 
.0119 
.0228 
.0165 
.0209 
.0138 
.0162 
.0127 
.0115 
.0102 
.0100 
.0086 

.9147 

bi - i = 1, 2, 18 

Input energy 
= 223 ft-lb 

Input energy 
= 293 ft-lb 

Input energy 
= 365 ft-lb 

0.0000 
.0000 
.0000 
.0658. 
.4115 
.0777 
.0598 
.0504 
.0356 
.0277 
.0329 
.0208 
.0253 
.0155 
.0171 
.0164 
.0154 
.0124 

.8843 

57 

0.0000 
.0000 
.0000 
.0000 
.2289 
.0971 
.1589 
.0615 
.0696 
.0393 
.0389 
.0280 
.0340 
.0215 
.0209 
.0187 
.0188 
.0154 

.8515 

Input energy 
= 455 ft-lb 

0.0000 
.0000 
.0000 
.0000 
.1595 
.0487 
.0891 
.1217 
.0565 
.0666 
.0497 
.0440 
.0378 
.0267 
.0280 
.0281 
.0256 
.0209 

.8029 

0.0000 
.0000 
.0000 
.0000 
.0324 
.0516 
.1452 
.0732 
.0937 
.0648 
.0694 
.0610 
.0530 
.0333 
.0343 
.0296 
.0254 
.0223 

.7892 
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Table A6 - Breakage matrix elements, b., (not smoothed) for disc-shaped 
(-2.12 + 1.75 in) Felch marble specimens 

Sieve 
size 
in 

-2.12 + 1.75 
-1.75 + 1.50 
-1.50 + 1.25 
-1.25 + 1.05 
-1.050 + 0.875 
-0.875 + 0.742 
-0.742 + 0.625 
-0.625 + 0.525 

Input energy 
= 164 ft-lb 

-0.5250 
-0.4375 
-0.3750 
-0.3125 
-0.2630 
-0.2210 

0.4375 
0.3750 
0.3125 
0.2630 
0.2210 
0.1850 

U  -0.1850 + 0.1560 
-0.1560 
-0.1310 

0.1310 
0.1100 

-0.1100 + 0.0930 

SUM 

0.0000 
.0000 
.0000 
.0000 
.4954 
.0938 
.0858 
.0411 
.0412 
.0312 
.0330 
.0218 
.0210 
.0136 
.0107 
.0125 
.0098 
.0086 

.9195 

bi-i 1, 2, 18 

Input energy 
=223 ft-lb 

Input energy 
= 293 ft-lb 

0.0000 
.0000 
.0000 
.0000 
.3069 
.0886 
.1256 
.0737 
.0528 
.0565 
.0445 
.0297 
.0297 
.0204 
.0175 
.0158 
.0137 
.0120 

.8874 

58 

0.0000 
.0000 
.0000 
.0000 
.1378 
.1152 
.1008 
.1106 
.0811 
.0667 
.0428 
.0437 
.0369 
.0241 
.0234 
.0226 
.0204 
.0166 

.8427 

Input energy 
» 365 ft-lb 

0.0000 
.0000 
.0000 
.0000 
.0684 
.0360 
.1258 
.1205 
.0967 
.0733 
.0514 
.0510 
.0498 
.0305 
.0275 
.0274 
.0235 
.0201 

.8019 

Input energy 
= 455 ft-lb 

0.0000 
.0000 
.0000 
.0000 
.0257 
.0830 
.0689 
.0882 
.0787 
.0882 
.0694 
.0697 
.0528 
.0391 
.0342 
.0323 
.0281 
.0224 

.7807 

UMlMMiMMMMM üi ■  -  MMIll'lli I---.-. ■■ ■■- ..-....-.l. ,.^. ,i-lC..    I ::i=l^<....liW...J.JMÜ 



pu.i.iii.Wii.i i.i|JJiliI»Jii,Uil»lli   -.III.^''■wM.-Mi^iBBppglwWU'1'"  ' ''■w'™"^,L,"-y,M-lu"'"g|mpWWBP"'   IIIMIII.III mil M. IUII . mil   ii     i      upHJIHIigpippiimB 

• 

.: 

s 
* -z u 

w o 

H 
>> 
to 

S U 
^•w QJ   U 

C3 S  ' S 0)   4J 
t      - -U ^ 

00  bO 
Ü Ö  -H 
H •H   (U 
UA ■S  ^ 
H M 
o ?    g 

-   W ti   O s O   Ki 
w «w 

i .. ü 
o •H     » 

^ 
y-i   P 
•H   0) 
O r-l 

w <U   3 
N CL,  M 

i "H CO   0) 
W u •o n 

-   H C  -H 
O 1,5   J, 1   i  S 0) 
Q a)  a " "5 N    10 
^ •H j: 

R m m 

EA
N 4J    •• 

5 ? i        s T»    1 
O rH 
M   (4 

1 ■« P.-rl 
M 

i   :X C   0) 
ä-H CO   4J 

g ^g 
--W 

P^ 1 
' ;pL4 
..< • 

M 

0> 
f    L T-* 

X> 
«0 

i H 

. i. 

U 60        4J 
■H C >»IH 
IH -H 00-^. 
•H Ä P  ^3 
Ü W <U H 
(U 3 C    I 
p- H 0)   ; 

CA U tM 

60 
C >>^ 

■H ÖOrfS 
Ä »-I  H 
n <u   i 
3 C   4J 
H 0) >w 

00 J3 
M r- 
0) I 
Ö   4J 
01 U-l 

c«iovo»-<c>jaioocn»a-ooa>>-<vDcrio-*oocscM«d-vDa>u-im»-H-*o>-icn«a- 
r-.in<t«a-csicyivoinr~orou-»CNi^HrHvomoinaivoi-icoooiooooo«j,co 

irir»<Moo>3-inr^r>.iriiovDr^cr>u^oointNincoeovDoovDcMvomvDmc>4vo 

iri^omro^-i^t^.r^i-ir^.oiovor-. r^voiri'-ir^sd-cscst-HCScrim>-iNO 

3 
•3 o 
M   1-1    13 

3 -H 
« > 
w 'ö >w 

o 

(0 
10 
0) 
H 
a 
o 

o to 

o 

r-.iocMt^-a\Oi^min'-iincMr^^oiriiovorv-'-'iooooo^oa>r^^H O CM 

s 

^-ir^coMO^inooinooeNjsDOin>a-cMro<i-ooooorHf^oof^-J;OvDcso 
o-*vot^vDNa-r-.u-ifOOcsicMvo<-cs(N-cfOOt^m.OvDrot^cMOininin 

o o o o o o o OOOOOOOOOOOOOOOC3  0000COO 

^-tvDvD'-<vOfOr~-oofOcsc^-<t-mo<-oO'-<rovoor^r^cMcocr.coooroocM 

O    CM 
CM    00 

O    O 

' 

o o o o o o o 00--IOOOOOOOOOOOOOOOOOOOO 

to 
to 
0) 
H 
3 
o 

3 

to 
3 

i 
3 "3 
o 
M 

o 
3 

3 

ü «H H 

M 

ooCTx(yi-*-*r^>-<<rrocncMOor^mcMO\>d-t^oo-<ocvjcoinino<TOcM 
cMin<f^^'-Hvocyii^r^t^<rivDin<-oo^inco(X)cninoACMr^^-<<-;oo<r'-i 
s>-incMr»-Hcr>oo-*oooiriina>c7»ooo—iinvo>x>oovD--tr>.vovovovocyir^ 

O O r-H o -^ o o OOf-iOOOO—iO^HOOOOOOOOOOOOO 

•<fOOeMOcMr-<\c)0>--ieNirofOr-(cM<MincMrneMeMvDinoorrio>a\r-.r^o 
OOsrc^»3-ntMO^oeMnr-.vD<riPO«*inr^cMiA«3-vDC^oooooO'-'CT>co 
^i<cMt^.cM^r^cMmr^.in<fOvDincocM«*invO'-<incMO\o«*<ro><rr-> 

f^^en^cncMc>jt-<rJcM--i'-icMC>JcvicMco>-i'-t>-icMi-i^HCM'-<^H^HrHcv4rH 

—< m 
n co 
m   oo 
o   o 

o   o^ 
oo   <* 

O   O 

r^ CM 
a\ m 
a\   o 

>*OvocoococMüOCT\cMCT>infOinvovoa>cMcoin<i-oocMoor~.inoooo\cT> 
voin\D(,,>a>r^^rmcomr^ncyvonr^oor^vrcMvDCMvocM»*rofn'Hr-.<r 
^..I^.^.-I^r^^^^^l^-lOCNlrHi-ltHr-lrHi-li-HrHrHCMi-lrHr-ieM-lrH 

O z »HCMco^mvor^co^ 
Oi-tcMco-^mvor^-oo OAO'-iCMrO^ti't^O'^OO^O 

•"HCMeMCMCMCMCMCMCMCMCMfO 

i-l     CM 

O 

0) 
4-1 

00     (0 
3 

<U 

o 
p. 

I o 

59 

'-"•"■'—-• - 
Mtt^g,,  .■.^■~—^■■- -.-.^.;..v...-    ,    . 



|^«!*,WP*..W,(1.,*I*IU11PM 

  • 

it, 

«. 

... 

i. 

! 

i. 

■" 

u 
o 

«w 

>. 
to 
»^ • 
0) w 
c a) 4J 

^ 
t>0 00 
C •H 

•H 0) 
Ä X m 
3 ß 
M o 
U u 

U-l 
U 

^H * 
«4-1 ^ 
•H CO 
O rH 
0) 3 
D. 60 
W Q) 

M 
»O U 
C •H 
CO 1 

Q) 
(U P. 
N .3 
(0 CO 

4J ♦. 

O o- 
3 ^ 
X) 
o rH 
u CO 
P--H 

U 
C 0) 
« 4J 

£§ 

CM 
I 

■8 

i 

b0 
C 
•H 

W 
3 

m 
4J 

60^. 
l-l  ^3 

3   I 
0)   4J 

4-1 

to 
c >>^> 
•H ÖOjD 
,3 M H 
(0 0)    I 
3 3 4J 
M 0) H-l 

CO 
^u^oo^r^rHM^rr^cn^c^r^^ovoc^ininOfsivDcsCTj-jn^.OCM^ 

roOOeT.«X)--ioa»oomr-oooo<3-r^coo-*      r^coor^r^^u-ir-oo 

cMCM(^csir^r^»*i^CT>cvit^i-to^»nr^.<f>d-mcNi 
Oi-ttrvoiOiOOOOi—lOO'-Hi^-i-icoO'-irH 

«3- CM en a» io 
r-< o r>. o CM 

r^. v£> -^ CM <Ti 
O •—' CT> O >—v 

oo 

o 

o 

Ü   4J 
a) 3 
P4  o 
w 

60 .JQ 
U rH 
(U I 
3 <-> 
OJ  >4H 

o\ONfnoocnMv^<f^(^co^rHincovovDinoovooor^f-iina>cninvqcocM 

3 4-> 
O   O O 
VJ ^ 3 3 
(0  W "O 0) 

-O   CO O E 
3  -H U 'rl 
3   > P-'O 
w a)     ^-^ 
w na »w 

o 
jd 
o 
3 
iH 

(0 
CO 
0) 

rH 
3 

a) o 
N  iH 
iH m 
(0 3 

3 9> 
« w B 
0)   O -H 
S   3 -3 

o 

•g 
3 

inoor^oooinr>.vOM3^oiNvooooofv)rHcocnincTioooooioincMO 
So^M^Sco^fooinN-^c^oocoocMminovoinaNvo^wcM^ 
rHCMrHCMCMrHCMCMCMCMrHCMCMCMCOCMrHCMCMfOrHOJrHCNr-ll-HrHr-ICMCM 

.       , *       * oooooooooooooooooooooooooooooo 

VD 

Nf^rHOinrHfOr^OOCnf^OC^rHrHCM^m^nvOCOO^COrOOOrHU^^ 
ScMV-MC^lOrH^r^^-vOCMvDCr.vO^COsd-OO^^'H'-iO^^r-.^CMCO 

ooooooooo ooooooooobooooooooooo 

CM vD 
rH t-< 
oi co 

o o 

o   oo 
VD     CO 
U-|     00 

<fcocvicocnooNu^r^r^vr^inr^c^^oocoo<r^n^^ino<hcoor2 S^KocM^incvivowr^^cococnrHOvovoN^cMc^^c^^ajfO^.rj. 
5-cocovD«*-*vovDO\incoi^.iriinvDa>r>.minvDroiostcovocnrocoin>* 
 •     ••••••*• oooooooooooooooooooooooooooooo 

3 

I 
u o) a) 
p. & 

(A 

4J 
,3 ^N 
60^3 

OininoinvDa>aNvf^cr.in^eo^u^^cq(^n^ncoiAc^^r^r~.g^ 
Sooc»cMcMc^rHinOfOO>rHcv4<rcocooNr^^r^!-HCT.<fiovocMvooio 
MMS»no?ot^voiotn«'-<-***ooooO"*-*o%pir-ieMa»oooinvocn 
,,, •    ••••    '!*_! rHCMOrHOrHrHrHCMrHOCMrHrHrHrOCMrHrHrHOrHrHCMrHO-<CNjrHr-4 

m a» 
oo co 

. . 
o o 

r^     I-H 
in    r^- 

<t•rHCMCMO^O^O^O^^AO cMO>cMvoiocnvoOvDOoorHoooocncM crioocncM 
cor-icooocM-<t'-iOf^cocommcr>rHOvDr~rHCM 

O 

^^.-t^Or-lrHrHr^rHrHCMrHrHCMCnCMrHrHrHrHrHrH^ICMrHrHCMCMCM 

OrHCMcn-;riovOf^oooNOrHCMco<finvpr>.coo)0 
)CMr)-*«n^Or^COe>rHr-lrHrHrHr-lrHr-lrHrHCMCMCMCSCMCMCMCMCMfMCn 

oo 
r» 
rH 

3 
4-1 

ai •H 
60 (0 
3 O 
u P 
0) B 
> O 

■5 U 

60 
i 

   --  ■  a». ■ ■■>Li^si'■,■  ~i^.'--;^^iJ.—-i.'-i-in,-i.'...i...'—.^•...•■: ■.■■■■■: .. 



M«V.I*ini"l(JI     .liJIHWWUlllM   ■-  I   r"-"...>«»-^i   .ii««lli|*l.»<«w»Ui»'Fl Hii.iii.li.»-. Ji ii.i.  PiM'<uiPM»j.lM^i>r<H,WHmi.iiiM>l.iM   JIIUJ>*>U.I«W<»P»MII  ■>v.iXWilj|.mil^uul|i|j| 

■■ 

«V 

li 

h 

i. 

u 
o 

IM 

gs 
M • 
V  < 
C 1 
0) •u 

J3 
W) W) 
13 •rl 

•H 01 
J2 J3 
(0 
3 g 
)-i o 
o u 

«w 
o 
•H *« 
«W M 
•rl n) 
O H 
(1) a 
P< W) 
(0 0) 

M 
•Ö H 
a «rl 
n) 1 

0) 
01 P- 
N tfl 
•H J3 
(0 w 
4J A 

O O" 
3 S 
•o 1 
O H 
M rt 
D.«H 

M 
C 0) 
« u i § 
• 

m 
i 
n 
0) 
H 
X> 
id 
H 

^s 
CO 

O   60        4-1 ^ooonvomoocnmcMvocNjaNcsvovo-tffOONOfOiooNvor'.iocvivovo«* •* 
•H   C   >%^ o\mo>o>. vovoooi^m<r>cnooof-NO>ovDONvoooo»Hvor^oostovoom f». 
«♦-1   Tt    tD — oocNforon^-i^fOfOvo-tfooeMr^ooocsiaivoiriPOoocNi-iu-icvjooco^o .-1 
Tl JZ   U X> vooooocM^-ir^vrai^-vi-mcrir^r^fOONcnrHfOva-ait^oommfOiriroo 00 
U   (0   0) rH f-HeNi--ICSrHCN|i-l>-li-ICNlr-(rHi--ii-ICSCSi-IC\lr-ICSi-l<-Hi-I^HrHrHi-lt-li-ICv| t-H 

0)   3   C    1 
P. M   0)   4J 

C/}    U            «4-1 
N-* 

t>0 
C  .^/-N 
•H   00^ vD-<raio\oovDmvDi-i<i-r>.intnincvir^oa>co<r-ou^cMO>vocMOi^<}-«s r-< 
^   M iH OOOO^O^r^OO^^r)^-lOOOO^^^O^r-~OOO^vDOO>J■0,. fOOOOCTiOOOvOCTi 00 

CO   0)    1 CN|FHi-4r-Ht-ICMf-lrHCMCM>-li-lr-li-li—ICMCN4<—lf-lr-4i-4i—l<-HT-ICMr-ieS>-Ht-li-l rH 
3   C  .W 
I-)  o) iw 
ü      ^ 

d 
QJ   4J   >,-^v 
a 3 bo^ OOrHvOvOvOCT<Oa»»3-'-IOOOOOfOeOinvOf^i-lv)-OC4vDOOfOiriOO'-lfpl 00 
•H    P.  H  iH ^j-t^ir)m^--<rvO'-i<rinvDvooovooo<j-mirioor^>Hvor>jvo»3-vDinvo(Tivo VO 
O   -U   CD    1 .-l^r-IP^^IrHrHCNli-lr-lfHi-Hf-lr-lt-lr-li-l^-lrHi-ICMi-ICMi-lrHi-li-li-li-li-l iH 

0)   3   C   w 
P. O   0)  t-l 
W                ^^ . 

(0 

■ 

rO'-iN>D>*i--i<-HOO'--iinovDrnvo<T>r^frt»a-oocric^cNoocsii-ii-HCsir-4s^oo •-I CO 
(0 •*ooioocscMooooi^ON<i-c^vO'X)coin<r)'-iocO'-<\o<j-crii-iooo<fr^cvi i-l CNJ 

rH 
C 
O 

ß   4J  «H 

Cvl^i-Hrnr>J<-lr--li-I^Hr-(i-HCN|r-IC\ICv)i--ICSlCNlCOCSlCNl.--li--((NCN|CNJCNl<Ni-IC^ C>J CO 

oooooooooooooooooooooooooooooo d d 
-O    O   O    0) 
W -H   3   C 
rt  *J »O   0) 

•ö n o e 
C  -H   M  -H 
to   >  p.'d 
4J    O         ^y 
C/3  'O M-l 

O 
/-s 
J3 miricnvDr~or>.i-imirivovD<j\'-icvjoocS'-Hoo^moorHvooc^vD\oin'-i vO CM 
U r»mooomi-<ooooinr^(yicv)OrHfocO'--icNO>-i«^'Hinvoo\DcsvorN.oo m m 

5 vo>3->3-r>.vDcovj-si--tf«*fovo<j-r~.LOoovoiri^voino-roi^vomoovo«*in m oo 

oooooooooooooooooooooooooooooo d d 

(0 cor^voa\iovoO'-io>oo«*vor^i^<tor^<}-or^or~mr»o^oor-<rO'-< CM •* 
n r»cvit^ooovr>*r-«oo«*or^or-N.cor»>-<cncMcri'-Hinooc\icT»vofninvO CM m 

a 

ir>roNCTivocnr^rnco-si-vosi-roiO'<}-rorn<i-a<irivj,srcvir>.<fcovoiOt--iiri m m 

OOOOOOOOOOOOOOOOOOOOOOOOOOOO-HO d d 
0)   o 
N  -H 

•H    W 
(0    C 

C          (U 
rt w   B 
<U   O  «H 
3  3-0 ' 

U 
iO'Hin(M^iriiocvi^m<j-<£)voc»icMoor-«CNiiri\DfnfOa>ro^3-»3-vrvo^ON CO vO 

o oocMc,ornvDoooot^.i-ioO'-<£M>*i^'nfOoO'-H'-tinr^.t^a>vDcrirHinvo<r<M OS r- 

5 iooor»-cor^r%»o>ooO'—loO"—iCT\crioo^CTicvir~-CNir>ioioO'-i'—lo^t«—t^f co vj- 

t-4OOCV4»-<O«-<O'HrHr-li-HOi-t'HOO'-tCSf-ll-4i-HOCN'Hf-ti-li-lf0^-4 r-i t-H 

Q)   4J csooo»-<ooo«3-^Ovocnc>iO'-<-»J-fr>'-ir^ooCT^'-irg^D^CTiooaN>-i<too m 
e j3 ^^ oirir^vof^vooomoocnr-iomeoOvi-i>-fOmcsvDvocMr^i-ionOCT>in i~. 
•H   00^3 • 
U  -H  iH C4^1^1^cJi-HrHi-li-lrHC>IC>Jr-lr-lrHf-<^-ti-IC>Ji-ll-Hi--lfH^«NCS|C>JC>J'HrH ■-• 
0)   0) ^^ 0) 

A* 0) 
4J 
•H 

M (0 

2 O 
P. 

• 0) a 
O 5: O 

TS t-l«SfOSt,invOr^00ONi-l'-t«-lr-<>-lr-4i-lrHt-HrHCMCMC>JCMC>l{M<NCMC>if>lCn <! u 

■ 

61 

^^^nwnMM-m i i i niiMiMMM-ifn i „^üir^viÄ^J^,»«»«,., »i 



».^«W!ftW»WWI«W.«^WWÄ» 

i. 

o 
»H 

>. 
60 
U j) 

0) O 
ß 1 
0) 4-> 

43 
00 60 
c •H 
Tt QJ 
A 43 
(0 
0 e 
M O 
O n 

»w 
U 
•H *t 

IW M 
•H rt 
O ^1 
V 3 
P. 60 
(0 (U 

M 
•o M 
ß •H 
cd 1 

0) 
0) O- 
N »0 
•H J3 
(0 w 
4J #t 

a § 
-O 1 
o iH 
M nj 
P.«H 

M 
C 0) 

4-J 1 § 
1 

<»■ 

1 
(Q 

0) 
t-l 
,o 
cö 
H 

^> 
co O00CM0\O<-llOCT>t>»C^iri»*O00vDr-<r*.O00O-*>*00\0vD«d-0>t^00r» v£) 

U   60         U r^a>oovooNOsrcrior-«oofSOroi-(cviCT>r^r)r>«(yiOirieMinoooo-a o <■ 

•H   «   >>V< t^.\oa>cT><roc\icMsDnm-3-ooo>jtnCT>rocM^-(or>.oom<-<iricTicriOCT»»-i ^H 

IW  -H   60-^ rocNi^T^rcostinirjsfcsicosj-i-tcNiin^i-vfvovovrcvirocNi^fOfO^vj-rnvD -* 
•H Ä   P  42 
o n OJ t-i 
oi a c   i 
P.   rJ    0)    4J 
WO           >4-l ^/ 

60 
ß   5*.^ csiOCTx>-Hoo^<t<Mf>»'-<>J'^-cvJoo-*mr>->-ico<rf<irHcsoovor~.o^siO CM 

•H   60 43 vD»*«3-infOinirivoiofO«3-iocr>rovo-*<t-voirivD<j-vor^.vovoin«d->*-*in ir» 
je M ^ 

C0   0)    1 
3   ß   w 
M   01 (4-1 
ü        ^ 

ß Oi-ico>-<sr'-Hooom"-iooio^<j'oor>-mt-iCT>ooCT\'-<oc^csivD<rfnoo<s o 
ß   3   60,0 vooof^.r^oof^vovDvoo" r^vocoooior^i^vDvoirir^voirivDvDvDt^-r^r^t"» r-» 

•H   P. M  rH 
O   iJ   <U     1 
<U   3   ß   4J 
(X   O    CU   "4-1 
M               ^-' 

(0 i^.vooooovor^vo-d-mcsi-i<i--*fr>o>o<fvo<t-voeomCTi«3->a-o<rfOfo oo er» 
10 ^•d-voooino<ririi>~^cso>-Hfr)iriiDo,i0^o<i"onu^>—iu^o\o\ooo^ 1^ <»• 
0) ^^.H^^iCM^^-lOt-ICMCM^H^HCNliNCslCNOCNCgtNOCM^r-i^iOCS^H 1—1 CM 

oooooooooooooooooooooooooooooo d d 

tJ   O  o   W 
M -H   3   C 
rt  +J »O   <U 
•3   fl   O   e 
ß -H   M  -H 
rt   >   P-ID 
W   QJ        ^ 
M TS U-l 

o 
fn«*t-irocMt-i>3-vDr>-coro^oor^ooomnroooo^a-cnCTvvoix)rO'-iiAoo o\ oo 

u ocorr)r~.ocooocMOinrosDiO'-iOAr^r-»csvoo-i-H'-iOfr)r^voooco<i-vo Os o 
ß 

•H 
vDvf»*^^tofO-*cMtnvoinco«*vovot^ini-ir^\or^cNivo-sriri<-CNiin-<r <t r-- 

oooooooooooooooooooooooooooooo d d 

r».o\cMr>.»-tvocsin«<t,>*vooofoeriOvcMfi(>i>*0<-4,cvi(Mc>iNOr»«MOoorH CM cr> 
(0 <j,or~-CT>srfr)invDvDoo<}-o\iri«3-cMincT\io>-icricr>va-covDmcMin<i-vDf-~ m VO 

o>OCT>r*.r^oooO'-<'-<vDr~r^.oooooocrioovocr)ooi^CT\oor^r~vo\ocr>vou^ oo 00 

Oi-iOO 000'-t»-<000000000>-iOOOOOOOOOOO o d 
Q]    O 
N  -H 

•H   m 
m  ß 

ß          QJ 
CO  4J    0 
0)   O  «H 
S   3 -Ö 

o 
M 

eMCOCT\vD«a-<-it~.ooinvDO'-'r~~o^ooocoo<-HO>-Hin«^,c>jvooocM»Hcniri o •* 
o ^ooo^oocoioeMt^forofoior~-ninocor^»a-cMoocsiroeNimcNjvoc,i^oo o r^« 

ß eoo>-<tOCTinc^i-icMa>'-i(MvovocNj>a-rovocNt^moocsicNcooovou'ir^co •* <t 
•H cNMc>Ie>jr^c^NfO(n^HCSC4CNjcsiesic>jcv4r-icocvi<NicMror>jcvirH^-icsi^-<--i CM CM 

ß 
OJ   w vocM>ji-vfmvOfOr«.ooo-*ooOf^vDm«*roiooocMc»40'-^t^oo.,it^oo CM 

O -H iH 

r~irivor^cD'-'r^o^OcscM»-ioo>CT>inoovoo-vDvovooosroO'<rvr.oooro CM • 
CM >IcM^_<^jCMtHr-ICMC>4C^eMCOP>4^Hi-l-<>-<>-iCMC<JOJ«vtP>4CMCN)r-tCMr-I^H 

fl>   « ^-^ OJ 

CO 0) 
4J 
•H 

60 U) 
o 
CU 

• 0) a 
o > o 
2 •-<eMe^»*'invDr^OOOS»Hi-li-<«-t<-li-<>-H«-l'-''-lCMCMC>)CN|CMCMCMCMCMCMCO <! u 

, 

62 • 

iMUMIUta^HMI* —--~^- .»5 «atWttaa^jMiiittiiäl^ 



l^^^W^WTO'lWMtVW^ WW1^^^ mmmvvmw* 

• 

. > 

u 

n 

i 

u 
o 

(4-1 

>. 
60 
u • 
(U « 
c 1 
0) 4J 

Ä 
M W) 
C •H 
•H a) 
^3 ^ 
(0 
3 g 
U 0 
u h 

m 
0 
•H •\ 
»H M 
•H n) 
O rH 
0) 3 
P. 00 
(0 (U 

M 
•0 M 
c •H 
« 1 <u 
0) p. 
N fl 

•H XI 
(0 to 

*J •V 

O 
3 5 

'O 1 
O H 
M rt 
P.-H 

M 
0 0) 
tö +J 
(1) ClJ s E 

• 
in 

M 

01 
H 
X « 
H 

1: 

' 

U   00 

M-l -ri 
•H £ 
U (0 
0) 3 
P.  VI 

CO 

60--- 
U XI 
0)   rH 
C    I 
(U   4J 

00 
c 

10 
3 
M 
O 

00 X! 
»-I rH 
0) I 
C   4J 
d) UH 

S"^JnwSorlor-KrSvoin<t-r-ooor--.vDc^cooco-a- m co a> m 

o 
00 

■ 

3    00,0 
&  M  rH 
u  a)   1 

P.  O    (U  UH 

inr-ir-(000000C0\OvD\DrHCMvOr-;>JC>lO^ON^;^«^^O 
o>ooocr>CT>oo>rHor-rHooeocorN4C^OOcSrHcna) 

—i^H,^ ^H ^H.H rH rH r-li-Hr-Hi-l 
CO   r-l 

O   rH    <J-    O 
CO    CM    r-4   CO 

inciOCNJCMCMCS^t-inmCTiCM-a-fOvDOOr-ir-icOOOOO^tOCrvvOrO   OC^vDO 

SSS^^S^^OrH^OCnCOCO^^rHrH^OCSl^S^S^^S^ 

to 
CO 
cu 

rH 
c 
o 

4J   -tH 
u  to 

> 
W   "O   UH 

o 

pu'O 

X! 
o 
5 

ioc^cNcsa>r^rHcoocsi<fC^incncMiricri^^^vo^orocnoOr^<D(^0 
SooS^t^<^VDOlOva-rHC^OOCNO^t--<^^^<-OCOrVrHCn-*CO 
SSSScN^rH^CNCSOCMrHCNlCSJCNCMrHCNjCVJCMCNIr-.CNCVJrHCNCNlrHO 

CT\ 

i 

OOOOOOOOOOOOOOOOO OOOOOOOOOOOOO 

^crit^Ot^cvjtNOcoincou^oic^voMin^voiocncM-t^rHr^^fnr-jr-- 
iSSo^SoNSooocscnLninLficMCNicor-i-a-rHor-ovDcocMrH oojcoco 

00000000000000 0000000000000000 

co 
CO 
0) 

rH 
c 
o 

•H 
10 
C 
(U 
B 

•rH 

0) 
•     N 

iH 
(0 

C 
a)  u 
S  3 -a 

•o ^ o 
u 

u 
c 

o 
CM 

CO 
CO 
CM 

rHm^^ocn«cro-<rooocorHcovD<fcor-.invoinLnoo2ivoeMcMoa\ 
TOOMSSScMONS<:r;coo<rinocMcnc^vocMc>or-.a;vp^^;^co 
S ° S In o^ ^ ^ M in ri ^ vo c^ r-- 1^ r- ^ 1^ o^ r^ in vo in in ^ ^ vo r-- r-» o 
doooddoodooddoodooddooooooooorH 

C 
0) 4J 
6 x: ^ 
•H bOXi 
Ü -H rH 
<U 0) ">-' 
P. > 

O 

ininCMOCMOOrHrHrHr-II^^ONrH 
COO^rHONVOrHOCM-itOO-^T^r^rHvt 
cMait-«cMincMO\criini-<cMOincoco 
,,,«•••••••••■••♦••••• 

pg^HCVJ^CMrHr-tO—ICMnCMCMCMCMCMrHCMNCM-* 

r^avincocoooocMO\0<r movoo 
cor-cocooroininor--vo ooomco 
r-imOCTvO^OvOVj-inCMvOCMr-lOCM 

<  ^-1   r-(  CM   CM  CM   CM en 

CO t-H 

^o 1-4 

in 00 • ( 
0 O 

VO CO 
r-( ^o 
r^. r^. 

cnvoinoocointM^oc^^co^oocMco-3-oocs<-ooooCT>ooo<»vovorj 
5 S n S S r^ r^ CM ^ ^ co vo CN co co r-. in o >» r>. o cs VD r-- vo o in ^r co in 

f^CsJc^^JJJ^HrHCN^CMCMCMCMCM-lCMCNrHtMrHrHr-l^^-COCMCMCM 

nrHcMcova-mvot^oo^Or-icMcovr invor-oooNO 
cgn<r^vDr-co^2^222IQ^rHrH^.cMcgcNiN^cMcgcMcgcsro 

63 

U3 
IT, 
O 

00 
c^ 

CM       CM 

CM 

CN 

0) 
00 
CO 
u 

CO 
o 
p 

I o 

UUHtth MMMlte äaaauiüi..»,,,;..,    , -'ASäiWi 



■!"5wm«5ip»!(ipppi»m«'BC^^^ j!^«!-?i«uwwi«w»!«^^^ 

ä 

i ■ 

, v 

I. 

\ I 

u 
o 

IM 

h i 
C   I 
0) 4-1 

iß 
60 00 
C «H 
•H <U 
fi A 
«1 

3 e u o 

m 
u 
•H »> 
«W M 
•H rt 
Ü H 
Q) 3 
ft 60 
(0 0) 

N 

C «H 
«   I 

0) 
Q)   IX 
N  rt 

n to 

•d   l 0 d 
P..H 

C   0) 
ra 4J 

SI 
i 

<X) 
I 

pa 

i 

I; 

CO 
o 60 ■u 
•H c ^.U-» 
U-4 •H 60-^ 
•H 4: M  & 
O « 0) tH 
0) 3 c   1 
CX,  H   0)   4J 

ooo^fnvDeo^co^co^o^ajS|Qo^cs^SSior^inoo-<rvor--vocsi 
i 

60 
C 
•rl 60 Xi 

M i-l 
n a   l 
3  ß v) 

OJ M-l 

60,0 

(U I 

(1) U-l 

cocM^Hmoooo<T>incM«3-coeocor^ 
oocy>r^mooa>—losicri'-icr.oocoo 

04 

oSS3tn-*i>.voooovoin(2225iQ2^5 

(0 
CO 
0) 

r-1 
C 
o 

f3 4J -H 
»O    O O W 
M  -H 3 C 
nj   4J -O <D 

»a  rt o 6 

4J     QJ ^' 
W  "O  M-l 

o 
^-> 
x: 
o 
C 

2 S ^ 2 ^ S 2 2 S ^ 2 ^ S 2 S S 2 2 c S S - c. c. cs; ^ ^ c. - c. 

000000000 00000000000 0000000000 

00  vO 
r-H    CO 
CM    CNI 

^ooov^N^cMcn^csgo^g^^gooqg^gcoiC^SSSS 

dodoodooododdodooooooooooooooo 

00 h* 
cr> 00 
in    r^ 

to 
(0 
0) 

f-H 
Ö 

01 o 
N iH 
•H «0 
(0   Pi 

0       a> 
CJ   4J    Ö 

S   3 "O 
O 
M 

.c 
o 
c 

SSIC^SSS^^SS^SSS^^SS^SS^vomvo^vovo^ 

00000000000 00000000 coooooooooo 

; 

vO 
m 

m 
cy. 
in 

a 
u 
<u 

to 

60. 
•H « 
o < 

vooNCMOvomt-incNr^ocoowcMO^o^oo^ooino^^ 

^ \; ^,; cs' c^ ^ d d ^ ^ - ^ - - - - - - - - o -' - ^ - ^ -" " ^ 

, 
CO      O 
m   st 
m    \o 

o 
2 

...n.in..coa.2^2222S^22S^SSSSS^S?lS 

o 
CM 

V 
60 
rt 
n 
<u 

4J 
•H 
to 
O 

o 

ll 64 

MMM^ri^M<Mk 



1^*111^»-^«^*^ 

ü 

li 

Kl 
O 

H-l 

0) u 
a i 
0)   4J 

& 
00 00 
C -H 

■   QJ 
Xi 

u 

•H 

2 

O  rH 

(0   0) 

s 

j      i 

U u 
■H 
I 
0) 

Q) P. 
N (4 

•H Xi 
m (0 

w   * u s 
5? 
O H 
M  n) 
p- iH 

u 
0   0) 
n) w 
0)  cd 
S  6 

•8 

i. 

U   00 4-) 

«W   «rl    Ö0• 

O   M   0) TH 
ü)   3   C    I 

ID   4J 

co 
CM 

oo 
.5 

M 
U 

00 43 
)-i H 
0) I 
ß *J 
(U tu 

SvDiniov£)ininminu-iinvor^vD<fvDvocovovDvoco<rininvo in \o 

0   3 6043 
•H   P- Vi  iH 
U   -P 0)    I 
(U   3 C w 
p, O <U U-l 

co 
lO 

O »O  ^ vD  •-I 
in -^r in m r* 

inoQOvoinoocsiOvDO<feNm<i-oooooocot^a\inf^ooo 
SSSvoSr-r-SS^Sr^^^oominmcor-vo^Dvor-in 

« 
w 
0) 

o 
C W 

•U   O CJ 
H i-l 3 
rt   4J -Ö 

•O   nj O   B 
p -H H -rl 
rt   > P-'O 

<U        —' 
trt "O U-l 

o 

5 

oorHcor^oooin^c»in^oOin^^t^(T.rovDt^ro<>^^oo^io^r'-2;^ vO     00 

i-(      CM 

OOOOOOOOOOOOOOOOOO oooooooooooo 

oinvDr-u^vo<fChvfooy3'-'Lninor-oc^ininoO'-;:*"-i^^g»g^ 

ooooooddododcJoooodo*doooooooooo 

(0 
(0 
01 

rH 

0) o 
N -H 
•H   W 
(0   p 

P QJ 
rt w B 

o 
M 
p</-> 

43 
o 
p 

•   ••••• 
O O O O »-1 •-< 

c^     -* 
CM      CM 

OOO'-'OOOO 
dddoooooo-ioo-HOOO 

i-l vO 
cn ro 
00    oo 

^cor-o^oo^^oo^oo^^cMcninr-ro^cMr-^vDcoo^^incog 

^M-H'^^^^NCM'^^rJNoI(N'^CM<N<NCMCM-.CMM^-.CM<N^-< 

^^^^^CM^^^^'-H''-'CMtMCMCS^(Nr>ICMtM<NCMCM-.--.^CM^^ 

o 
n 

-vT 

CM 

CM      CM 

O r-icMr'><t»nvor^co<T>'-i,-<,-,'-<»-i<-< 

65 

o - -^^•nvo^oocrj.OjHCMcqjdj^vo^eoajO 

vO 
O 

CM 
0) 
AJ 

0) •H 
00 W 
a O 
U P. <u B > o 
< u 

IIMlilitlliiiM'iyailliiliiliiftiltiVliftM^   : ■   ., ■  .^ . .  



»mw'Wju.Jii ui«ii .iw^im IIIMH;I   i—uu JI. .]iii,ui.iii.,u.>MiMwi»->»i-i|    ■■...ww.^wn i„i    wiiiv.RMiVK^LUf.Mi ii i"i mF»imiu>.>i    mimmmßt w   i i i ■ iwwi 1W5TO* 

' 

ä4 

M 
O 

M    • 

c I 
0) +J 

60 t>0 
C   Ti 
•rl fl) 
^ ^! 
(0 
9 (3 
t-i o 
U M 

«M 
Ü 
•H •> 
(M M 
•H (0 
O rH 
(U 9 
P- t>0 
m oi 

M 
T)   U 

n)  l 
0) 

OJ a. 
N n) 

•H s: 
0)   0) 

§g 
T) I 
O rH 

ft-rl 
M 

C   0) 
cd 4-i 

CO 
I 

PQ 

en 
U   60       -u 

«M  tH 60"^ 
•H X U  & 
O    01 0} rH 
0)   3 C    I 
P. M 0)   4-> 
W   U        M-l 

60 
C >>^ 
•H 60^3 
J3 M H 

CO G)    I 
3 C  4J 
V4 U M-l 
O        ^ 

c 
(U 

o 
(U 
p- 

60 43 
l-l r- 
0)     I 

0) U-l 

roo\vOO{öf^<»-mOr-ifnvDv£)fOvOirii-ir^.O  lOCTvi-tOOOOOOOOOC^l^ 
o^ooooocncftvoocor^^cNiocNioc^(NioOTro^^cNvoorncocs^ 
SoiniAO'-<i^aiOi^'-<«>xoooo\or^chO«a\i^t>.vooooo-*vor-4rH 
^.-I^H^^H ^ ^ ,»» rH i-l rtf-Hi-l 

mr^vor^ONC^oor^rofovorovovr-* 
ooCTir-ia>t-)oooCT\cr\ooi-i'-HOO 

Or-it^vo^^oo^oomirii^vocNjo 

in 
CTi 

C   4J 
•o  o o  w 
M   -rl   3    C ca w «o ai 

•XJ  n) o  E 
rt  >  p-'a 
4J    a) 
W T) IH o 

U 
ä 

m PO <!■ ro 
fO CM o c^ 

i-icrieN^r>.r^vrr>.>*vovo 
O'-i'-i'-HCMCMrOOOi-i'-* 

o a> n o- 
ro t-i cvi o 

in-3-pJ-<ror-~incnina\o 
ocNj^foncNiocsfn«-iro 

co t^ in CM •-< in •-< 
vo 00 f-i «vf o •-< >—i 
^H   ^-t   CM   r-l   CM   CO   CM 

^»>d•ln^-~ooo^<J•o^»a•oo•-, 

covo«cj-oaArooocMOc^r~. 
i-li-HCMCM'-HCMi-iCMCM'-Hf-H 

oooooooooooooooooo 

ooocMcorocMt^-j-mcMOcr. 
ocMONcocMvovj-t^inmr-i m 
<MT-(I-1CMCOOCMCMCMCMCM»-I 
,«••••«•••■• 
oooooooooooo 

r^^cMinvovoi^oinco^oo^t^incoin^vo^^^ocM-^oorHCMino 
MS^coMrooorH^OTrHu^^o^or^inco^aNr-.cooo^o^oocMcMW 
c?i^j-in<rint~-voin<j-vo^voininin^oin<rinfo-<fvoco^-i'J3i^inr-Lnro 

in 
(0 
0) 
f-i c 

a) o 
N  -H 

1-1   w 
to c 

rt w B a) y -H 
S 3 -O 

o 
u 
P4/-N 

u c 

e 
6 je ^ 
•H 6043 
Ü -H  r-l 
0) O ^^ 
P.  S 

(A 

ooooooooooooooooo ooooooooooooo 

v£)coo\inincooo»-iocMr^'-<cMOin-*-<i-ovorJoSl?! ocM<-Hi~<.r^^m-*oooovOCT\in>-iinavvoi^-p<ro£J ■y-\oina>-vi-'-<oor^<i-^ovovov)-ininvDa>r--in'^inooc 

o r^ o t^ oo ro vo 
i-H m ro ro r* m cri 
t-i vo >£> m r^ m co 

dddodr-iodocooooooooocoorHrHoooooo 

vt^ncgvowcMeo^r^^cMoooooNvoooo^oofopjoo^^^JQg^ vDincooovDinvot^^H-d-rHvoco<rcocMcoo>a-ooM<roco-4-vocMCMoo-j 
^SS^Soo^<^cMS<ro^incnaNC»oino>rofooocMi^oocMcMroc^ 
Oi-4i-ICM^CMCMi-lr-t--l-<CMt-H^H^-l^-lCMCM^I^-"tNfNJrOr-lr-l^-l CM 

o 

cr.cnooNr>.r-ivochr-.^-cMr^cr.cMcor^<j-OOin'^<!;^<J^<:o^l-*^(^ Mvo^o><y.vo«a-a.vD^co--<eMrooovDinoNOcor>.in-jinoNincM^vo<r 

^^r^CM^l-^CM^^HCM'-^^Ö^^CMr-^CMCMr-^cMCM•-'C^<s'fNl•--,cv',-,CN,'_,'-, 

^H<Mco«*invor*.oocri 
o^cMcovrmvor^oocno^NJ^^'O^^co^o 
^^.^^IrH—(rHi-4^-I^ICMCMCMCMCMCMCMCMCMCMCO 

66 

a\ 

t~- VD 
o ^-1 
CM ro 

• • 
O o 

o 
m 
m 

m 
co 

r^    CM 
VD    r^ 

co 00 n in 
00 c^ 

CO 
o 
CM 

0) 
60 

M 

0) 
4J 
•H 
(0 
O 
P- 
S o 
u 

''^'"^^^^^^^'^-^---^""; -• • -■'"-"'^'—' ■nitiirtiiirflr-, Miiih^iiiitiitlhiMiiiiifia-1i r- - ^^^^«^^«^,J,J-,..^..^.u.^...^^  _■ 



^ 
*«B«,i»-»^___.__   :  

wmKß 

nr 

if 
i. M 

0 
4-1 

>% 
60 
K • 
a) <! 
s •u 

43 
W) W1 
a •nt 
TI OJ 
X ^3 
to 
3 g 
M o 
O l-l 

»w 
O 
•H •< 
U-l >-l 
•rl to 
U H 
0) 3 
P. M 
W 0) 

^1 
-o H 
c •H 
cd 1 

<u 
01 p. 
N tfl 
•H ^3 
V) to 

4-1 M 

2 g 
T) 1 
O i-l 
U rt 
o. •rl 

H 
c 0) 
«d •P 
(i) tfl 
g 6 

a« 

PQ 

<U 

•8 
H 

U 00 
■H C 
IM -H 
•H ,0 
O (0 
<U   3 
a, u 

CO 

•P 

(1) r- 
C t 
0)   4J 

00 
c 

•rl 
^! 
m 
3 
1J 
O 

60,0 
U i-l 
0) I 
C   W 

>i>oo^OvDr^vocoi^rHn^r^rHro>*r^^in<fvD«*-*0>*vOrHvocpvO 
S5fOincnr-tNOrioo^oOOino>-<roor--iN^invotN5^:^oooo 

<tinrnr^cr\vooor-(o>rH<-(N<-rH^-rH^v3-u->(Nr-.<T.ooinr-. 
oo-<co-<rai-o-cr>ooco<i-oooror-(<y>mrHvc)voocMr-. sj r^ fö o^ '- 

^ in r-i o c' O o 3r-lcvJr;C-(^tNCMf>JrHr-(^lrHr-ICSrHtN^r-4r-.rHrg-HrHrHrHC>4rHrH^ 

o^MOOinoooot^(TiOO<rr^.<rin'-ioocor-.crivO(Ti<}-<i-rocNivOr-jOO^ 
SraSrooSSS^Sowa.r-t^oovDu-iino>covococolnooa;ovojaN 

•H 
O P 
0) 3 
p< O 

W 

3   00,0 
P. M  r-l 

0)    I 
C   W 
(U  M-l 

>*inor^t^(X)vovorMoooo<rvovor^vo^^r^^^rnojroinvo 
Sino:\covot--»£i<-r^inoooor-ooaia.u-l'Xioor^t-sor--invovDu^ 

in 
o 

oo 

to 
to 
0) 

rH 
c 
O 

-O O t) W 
H -H 3 e 
to   •W 'O    OJ 

TJ  td o  E 
C  "H   H  -H 
rt  >  PtJ 
4J a      *-' 
c/j Ta u-i 

o 

^5 
U c 

^-^rricoi»t^covDrorocsi(»covor^r^crir^r^rMOcn<roovDvoinvD^HOjvo 
S[nPS-*"coS^5r--or^O(NincsoNrooo>^D<NOvDOOr-roooo^ 
S^^SS^rHScv|S!-l?arHCSICVJCN)CSlr-.C>JCN-.rHCSlCn^rHr-.CN|r-.rH 
 _;_!^!^! oooooooooooooooooooooooooooooo 

CO 
m 

rH 
c 

0)   o 

•H   CO 

r^oco<rr^oo^rHc>i<T.wooo^inotoinaNfo^^^oineNo^rnor>. 
i^^<rinvü>£>M^in<f<a-cn^cn^vointninvoinroinco<r-*-<rr-.inin 
doddoooododdddddoooocooooooooo 

oo 
o 
CM 

o 

cos*vÄoo<tvöocn>--(co>-iojvofO^Dr^oooc^cMfn^oroinr>-or;000 
Soo5S^"vO'-Hvooi--'-iooinin<i-o<r^<i-cv)c3><i-t^fM-j;vcvoro 
ln°°5S^nSin^invovo^D-d;vo<rinr-r^<rin^o>inr-.<rininin 
odddddddddddddoooooooooooooooo 

ß 
0) 
e 
•rl 

CO 
c 
CO   4J 
a) u 
S 3 •« 

o 
M 

O 
a 

0 
B Ä ^ 

•H 6043 
O •H rH 
OJ 01 ^-^ 
P. > 

CO 

voi^.vorHooininvD^>*vDvDcr.rM^inr-(CMr^ini^-*cN-<rinrorHOF-H^- 
^^S^wMWrSIo^^vBo^Dc^oo^-ro^oooovoinoin^^^vDCj 

 ;t*'_! 
VO vt 

o> m 
m <»• 
m    r- 

VD 
m 

m 
a. 
m 

CM o o 

o 
S5 

rHO^ooc^inr^r^^vo^covo^oovD^r^vovDinin^invo^j-i^csicvi 

CSC^^CMrHCMrH^^CMCSCM^CMr-IrHrHr-lr^CnCM^r-tCMeNrH^rOCSCM 

.-ICMO<,inv£>t-.00O\i 
orHCMco»a-m\or^oocyio-<cMco»a-in\Dr-.cqojo 

Cv|CMCSCMCMCSCslCMC>JCNcn 

o 
CO 
m 

r» 
o 
CM 

OJ 
4J 

OJ •H 
60 CO 
nl O 
U P. 
OJ e > o 
< o 

67 

MttHUUMtti aaikMi «M^»...,-,.,..^..,.,«^,,,    



»W*fll.milPmillAIJ«IJU(.l«WA«'l««JHlli-i «■..»    'HlH>UU.«IJJ»i.iIMMHU'i.IUI liu-.w».»,.;,.,.   .■vU.;!UU.Ji»ViJ..,..llllMJ|l>|,lvll"Ml>WI^W,il .g.iMI"«« JHIUl   ll«U   I III! UIIVILmi nn^u.wi.p lu I   IJWIIM.I« 1 

•1   : 

i: 

ll 
i i 
i. u 

o 
<w 

18 
u 
01 • 
c u 
(U | 

*J 
60 43 
G 00 
•H •H 
x: QJ 
10 J3 

B s 
u o 

U 
o >4-t 
•H 
U-t «V 

•H >-l 
O <u 
<U 'O 
P. c 
10 •H 

r-l 
•o >> 
c o 
rt 1 

0) 
0) P. 
N <fl 
•rl X! 
(0 w 
4J #» 
O o- 
3  & 

•o 1 
O  rH 
1-1 nJ 
Pu-H 

M 
C 0) 

4-> 
(Ü CO 

l 
e 

• 
o 
1-4 

1 
03 

V 
r-l 
X> 
«0 
H 

60 
Ü 

P. VI 
to u 

CO 

4J 

00^ 
l-i Xi 
<U  r-' 
C    I 
0)   4- 

00 
c 

(0 
0 u 
u 

60,0 
U r-{ 
0) I 
C 4J 
0) in 

f-iONooinnm«*cst~-r^ 
r^^j-vooor^voooo-^cs 

mmr^oooor^o>vO<rvo 

vo N o f-l o 
vo vo t>> h. r^ 

<»■ CT\ fl VD 
r^ >X> vD vO 

60^1 
H r-l 
0)    I 

Qi M-l 

C 4-1 
O   O O 
M  -rl 3 
fl)   4-) TJ 

■O   CO O 
rl 
> 

U    Qi 
CO "O M-l 

O 

vDOCNlOCMfOCOfOCTNvO 

o 

CO 

oo 

to 
C 
a) 
e 

H   -rl 
PiT3 

42 
U 

co 
(0 
(U 

r-l 
P 

(U   o 

H    CD 
I»    C 

c      a 
ca 4J e 

S a -a 
o 
u 
P<X-s 

43 
O 
13 

vo^cocyvcof^moNcneo 
a>t^oococr»'--ir^co<i-o 
r-ll-lr-li-l.-HCSr-ll-l.-<CM 

oooooooooo 

co    o\ 

r-ivOi-ioococ^oin'-Hin 
^inr~t^00'-i\oo«-HO 
CNlNCMCvlCNCOCvlCMCMCO 

•   ••••••••• 
oooooooooo 

vDvO'-<Ot-~tT»'-<CNjOOO 
OiOOC^00t!0<fCTi00O 
mininm^-^mvoinin 

•   ■••••••*• 
OOOOOOOOOO 

13 
<U 4J 
e 43 ^N 

•H 60 43 
o •H r-i 
tu <u -^ 
a > 
w 

o 
ja 

r~- en 
o oo 
eg eg • • 
O o 

a\ !-i 
CO <!■ 

m in 

ocS'-ioovj-'-it-i^-iinn 
mcn^rvdi-icMOCMvofo 
r~-oor>-f^r^-r^ooooor-« 

•   •«•••••■• 
OOOOOOO^-iOO 

^HOOOOO<-iOOO 
cicomcoroncncncocn 

•   ■••••■■•• 
OOOOOOOOOO 

<f en 
a\ o 
r^.    oo 

•-ip«j*o«jmvDr~-ooo^'--i 

68 

.>:..,.,.■..I... 1..,.^.. L..^..^..,....,.. ,,, ... ..,.'fmMIMi,„,,    ■ 

o 
CO 

o 
0) 
4J 

0) i-l 
60 to 
cfl Ü 
VI P. 
0) B 
> o 
< o 

.-^....L-M-..^-.-.:...--.,.,-.  ■■   ;.;...       .■■■.-         



f     1     .. 

i: 

: 
; 
v 

u 
i; 

f   r 

^    • 

:. 

.if 

u 
o 

«w 

fe 
M 
0) • 
C CM 
<U 1 

U 
60 J= 
C 60 
•H •H 
J3 U 
W Ä 

2 g 
u o 

M 
o IM 
•H 
M-t #1 

•H M 
O (1) 
U "O 
D. C 
W •H 

H 
•o f». 

g O 
1 
a 

<u a 
N CJ 

•H J3 
(0 w 

■P A 

U o- 
3 » 

•o 
O H 
H rt 
P.«H 

u 
S 0) 

4J 

S 

I 

0) 
rH 

'S 
H 

^-> 
cr> co —<Of».vrinoo\CT>v£> -* 

O   60        4J ,—t O^C0CM00OCMC^J00«d■ Oi 
•H c >,m o <r<NCO^^O^vO•d■vD-J■ VO 
U-l  -H   60-^. CO mr^cococovoiomr^ in 
•H  ^3   H  .Q «* ^t«*<rsrvi-<-<->a--j- >* 
O   M   (U  r-H 
O   3   C    1 
p.  M   (U   4J 
wo      m 

s-/ 

60 
C    f^^v 1-A 00 O CO CO u-| CO 00 O —i r^ 

•H   60,0 a> coo>oocooocoooer><ri oo 
J3   M rH 
C0   (U    1 
3    ß   4J 
^1    0) IM 
O       ««-' 

c 
tt)     *J      ^/-N a\ tNOr-»t-HincMCMOos co 
0   3   60,0 vO r^r»r~.r^r»>r^t^.r~.vo r>. 
•H   O.  H  rH 
O   4->   0)    1 
(U    3   C   4J 
O.  O   0) U-l 
W                ^-^ 

^-\ 
(0 m mocMcor~-ooooA-~j- vo vO 
(0 o ooin^j-oo<j-cMr-i^iCT\ oo o 
0) <N I-l^-lf-t^-li-HCVJCSlrv)t-4 in CN 
H • •    •••••••• • • 
C o ooooooooo o O 
o 

C   4J  -H 
-O   O   O    M 
H  -H   3    ß 
<fl   *J 13    0) 
•o   (fl   O   B 
fi  Tt   Vt  1-1 
BJ   >    0413 
4J   (U         ,^' 
W 'O  IW 

O 
<-\ 
^ m r^cMc>icoo\voij-ia\0 00 r- 
o o r^cvii-tr^rnncMCNic^ r^ o a CO CMCMCMCMCSICOCOCOCM CNJ CO 
•H • •      •«•••••• • • 
>w o ooooooooo o o 

/-s 
10 sr COvOCM>--CM-3-sa-fOin o CO 
CO rg covomoocooor^cO"-! in in 
(U u-^ mcoco<j-cocoin«s}-to Sf •<t 

rH • •    •••■••■• • • 
c O ooooooooo o o 

(U   o 
N  -H 
Ti    t0 
(0   C 

3          (U 
rt p  B 
<U    U  -H 
S  3 -d 

»O v^ 
o 
u 
o.^ 

Ä oo r>»vr. ln^r^o^eo^^l^ •-I o 
u t>- cy\»3-cM{So>>x)inm\o t~. 00 
c r^ r~.irimt^<t-iocovDr^ VO vO 
•H • •    •••••■«• • • 
v-^ o ooooooooo o o 

3 
0)   4J i-H rH^-l—I^H^H^-4^CM^H •-1 
B .3 /-s 
•H   60^1 

co cococococococococo CO 

d ooooooooo o* 
0)   (U >-- 0) 
& > +J 
to tu 

60 
n) 
u 

•H 
to 
O 

■ (U 
o o > o 

S3 •-I «MCO^lOvOr^COCTi—< <J u 

69 

mum^mmmm maäitämuittmmmuauM i  -    i n-'r iii'itiiflMiMlriiii-nii "-i . , ■,,J-.„....,,<.I.<; ,,- 

,,- 



""—^ ■ • I """ <«I>..IUI»M..|.,I.IIU|UI|I1I j,,,!,,, g.,..,.,.,.,,.   ..»•IUWWIIIIUKUUVUJIII ■» JlIU «IUI i.iji« «■•■■i ■ m ram IUII.IilL«IHHUI.JL|>.llullül 

V 

.. 

:. 

i Li 

1 
■    . I 

i 

M 
o 

■N 

>. 
01) 
u 
(U    ' 
C ffl 
Q)    1 

+J 
00^ 
C   W) 

•H -H 
ji   <U 
W ,0 

h 
M 

y <« 
•H 
«W      " 
^1  n 
U   (U 
(1) T) 
P. Ö 
0) -H 

H 
•O   >» 
ß   Ü 
cd   I 

0) 
a> a 
N   « 

•H ^ 
0)   (0 

4J     . 
Ü c 
3 ^ 

•O   1 
O H 
u to 
ft-H 

M 
a <u 
rt *J 
(U  ni 
S  B 

CM 

I 
« 

'S 
H 

O   00 
CO 

4J 

60-~- 
Ti &   U  & 
o co a) iH 
a) 3 c   i 

to ü      «w 

oocorHcor^coorocoai 
r-'or^r^a^fO'-'C'Ovon 
^■CNir^^cnr^mvofOiTi 

t>0 
c 

•H 
^1 

00^3 
U r-i 

(0   V    I 
3 a +J 
M   0) M-l 

a) 

o 
0) 

60 ^2 
H i- 
0)    I 

(U m 

■-(  1^ vO t-*'«-* <»• M >X) O •-I 
csi^-icMCNii-ir^cMcscseM 

ON 
<-< 
in 

I 

cs 

a 
13 O 
U «H 
rt U 

•ö rt 

rt > 
4-1 (U 

Of0<J-OCT>v000-d-OO 
OOOAOOONCTIONOO 

(0 
(0 
OJ 

1-1 
d 
o 

O    (0 
3   C 

o  E 

o 

vDLOO'O'-'tTimiOCTiCN 
sj-oofOOcscMCNOom^i- 
.H^H^CSlrHi-Hr-l^-lrH^H 

■     ••••••••• oooooooooo 

O      «H 
^D     CO 

o   o 

vD<fCO\OmOCOU~ivDCT» 
^-ir^cyi<T>r^cT\cof~~coo 
CMCM'-ICsl^-l'-llNOJCSCN 

•     ••••••••• oooooooooo 

(0 
(0 
a) 

c 
o 

•H 
w 
c 
(U 

(0 
c 
rt u 
0)   o 

o 
M 

o 
5 

CNjvooiAvocnr^voinr^ 
invot-tvomoocMCTiinoN 
COCOCOVJ-CMC^vJ-ä'fO^ 

•    ••••••••• oooooooooo 

vX> t^ 
en VO 
04 eg 

• • 
o O 

r-i VO 
>£> vO 
ro CO 

(U   4J e J ^ 
•H oo^a 
Ü  iH t-l 
0)   (U ^^ 
p- s 

CO 

O'-'GOvooNr^noovor^ 
{M.j-inoovO'-icincsro 
lom^tvoco^rvor^iri-j- 

•    ••••••••• 
OOOOOOOOOO 

CM m 
m 

o 
55 

OOOO00O'-l'-<'-<O 
cocimcocMronncocn 

•    ••••••••• 
OOOOOOOOOO 

t-teMco>*»nvor>»oo<T>'-i 

70 

O 
CO 

O 
0) 
*J 

<U •H 
60 to 
rt o 
u a. 
0) 
> o 
<1 O 

--■ '-        --"  
^■»«,..».,- wmaiaaAiiaiUitoai 

^■■■■^■■^ ^—  



u' "•*■•■* jpjijimujjiiiiiuijipij^u.u,,, _ v.jmmmm^mmvmmmm^mmMMi-m mmmm .mmmmm 'mmjmmmni'n 

1 
i 

H 

L 

10 
IJ 

i t 

1 

I 

n 

u 
o 

U-l 

>> 
bo 
u 
0)   . 
Ö  -H 
0)    1 

4J 
MÄ 
C   60 

nH -H 
A   0) 
(0 ,C 

Se 
o o 

u 
o >♦ . 
•H 
4-1     " 
•H   U 
O   0) 
4) T» 
a ci 
m -rl 

H 
•o t^ 
a ü 
n)  I 

01 
<U   P. 
N  id 
^ JS 
(0   10 
4J     x 
U O" 
3 & 

-O   1 
Q H 
u cd 
puiH 

ss 
^g 

• 
• 

en 
i-< 

i 
PQ 

0) 
I-< 

/I 
«fl 
H 

to 
U   bO 4-) 
•H   C >i>w 
«4-1  -H 60^- 
-ri Ji U  fi 
Ü   « 0) H 
0)   3 C   I 
P. U (U  w 
WO H-l 

oot~.r^r^oooor^i^r«-oo 

t>0 

•H 60^3 
^! P H 
(0 Qi I 
3 C ^ 
l-l OJ iw 
u ^ 

P- M <-! 

p. O   0) 4-1 
CO 

-J-vOvOOfOrOvDO^O 

r_(^(^4^Hi-li-lrHi-lt-(i-l 

vD 

00 

t-^mu-icvioooomc^ooc^ 
i-4CS|Cs^CM'-l'-lNCNCMCsl 

ooncM-j-iricoor^^cvi 
,—lr-4t-4f-<»Hr-li-H'-IO'-< 

«       •••••■•*• 
CSOOOOOOOOO 

CM 

O 
3 

-a 
o 
u 

14-1 
o 

o 
ooi-ii^-oocococNicnt^-oo 
inocoi-icMf^-irivD-^oo 
tncM'-<cv4cstN>-ic>j^-i'-i 

• ••»•■*••• 
oooooooooo 

r^   cs 

o   o 

o 
CM 

CN 
CM 

o   o 

(fl 
(0 
(U 

.-H 
PI 

CD O 
N i-l 
i-l   10 
to q 

C (U 
rt 4-i   e 
<U   O i-l 

o 
Pl^N 

o 
c 

COPOCOOt^OOinOvDvO 
iot-~o">oou")'-<cor'%-cM'—i 
rocMCMcscM^rcMncMn 

•    ••••••••• oooooooooo 

c 
0) 4J 

•rl 00^3 
O -H H 
0) (U v-' 
P- » 
w 

i-ivDf^onocMoomoo 
morO'-icoc-iiri<rrrivD 
i/^^-srsrcovofomco-d" 

oooooooooo 

CO 
o 
CO 

o 
CO 

1_l,_(,_lCM'-4'-i'-i'-<'--,0 
cocncnrococoforococo 

oooooooooo 

o •-(eMro-vriovo^ooo>'-t 

71 

o o 
in vo 
•<r   -a- 

Si 

a) 
60 

M 
o 

4J 
1-1 
to 
o 
p. 
e 
o 
o 

I 

\ 

■ 

^mriimmmmiiMäiim&tiilmmit-*''-*'"--*' ■'■   • 



PPpifprsspsiWBS*™-!^^ 

,. 

• 

l! 

n 

\ 

!. 

D 

— 

u 
o 

«w 

s» 
bti 
u 
(i) • 
Ö <fl 
(U i 

4-) 
60^3 
C 60 

^1 •H 
Ä 0) 
«0 ,c a 
u Ö 
u o 

M 
ü y-4 

M-l     " 

o 
I 
0) 

0)   P. 
N n) 

(0   (0 

+J   •> 

3 a 
•O    I 
O H 
M n) 

M 
(j   0) 
(0   4-> 

it 

I 

tn 
U 

60-~. 
- H •«? O   W   0) H 

0)   3   C    I 

O 60 
■H (3 
4-1 iH 

41   +J 

60 
C >.^ 
•H 60^3 

(0 0)    I 
3 Ö  W 
M 0) M-l 

00'-'»-*OI-IO'-HO'-< 

60,0 
U H 
U    I 

0) IH 

<)-i-io\o-*«NJr-tm'-ir^ 
000'-<0>-iO>-'00 

o 

o 
0^4 

oo 
-3- 

R)   4J  »O 
n) 

(0 
CO 
0 

rH 
C 
O 

4J  -H 
Ü    (0 

C 
0) 
B 

•H 
O 

fl   >   P-'O 
4J    0) 
W -0 M-i 

O 

Ü 
C 

•H 

cxir>«0(NvDor^mr--CNi 
o^o^'-'OO'-^O'-imcN 
0»-««-lr-ti-4C<|t-lt-<i-tiH 

oooooooooo 

m   -3- 

o   o 

(0 C 
ti a) 
n) 4J e 
S   3 -O 

o 
Ö 

o 

vO^icMr-tr^OC^rNiroO 
ro^voiotri^-iior^roco 
^(CMi—i'-t'-<rrir-,'—'f^1-' 

t    •     •••••••• 
OOOOOOOOOO 

i-trO^^mvOCOONOO 
oocO'--iooCT\(vi<-ooin 
1-lCMCSl^f^CNlOgCMCMCM 

•      •      •••••••■ 
oooooooooo 

lO      rH 

B J3 ^ 
•H 60^3 
Ü -H H 
0) <u ^-^ 
a > 

en 

OOOOvDCTvfOsD^TOvDOO 
vD'-l«-iOOf^<flv.i-(vo 

OOOOOOOOOO 

o »-< 
CM CM • • 
o o 

1.0 CM 
m vo 
f) CO 

o o 

»-lOOOOOO^'-lO 
cifnoocnnmrofonco 

OOOOOOOOOO 

o »-«cMfivtinvor^oo^'-i 

72 

n 
o 

o 
4J 

ai •H 
60 in 
to o 
u a 
c 6 
> o -5 u 

t^ «MMMMMk I  ■ ^"-^-^^  :-..,,.. ^ ..;,.>....^,J.. *'^^^i^~Ä*,.,1...j^MMi~.,,.,.^.,:^.t.,:...*^   



■"WM"   "' mmmmmmmm ntmut\iJimtm^)miim .fnmm..^mmKmm mmrnmrnm^^n^^mmm^mm^m «w-f 

1 
r 

.. 

- 

i 

u 
o 

»H 

&5 
n 
0) • 
c u 
<u 1 

u 
box: 
ß 00 

•H -H 
X! 0) 
w ,c 

5 i 
M 

O M-( 
•H 
<W »^ 
•ri M 
o 0) 
o -d 
a ö 
in •H 

H 
la ^ 
C O 
m 1 

(U 
0) P. 
N n< 
•H XS 
(0 » 

4J #« 

3 § 
•O 1 
O H 
H C0 
CX-H 

M 
0 0) 
rt V 
^i rt 
S 6 

i 
i 

m 
i-i 

i 
PQ 

V 
rH 
^Q 
«9 
H 

Ü 60 
■H C 

U (0 
(U 3 a u 

■u 

60 ~- 
M Xl 
(U t-l 
C    I 

oo 
60 X) 

(0   0J     I 
3   C  4-1 

4J    t>. 

4J    0)     I 

P- O   tt) U-l 

vocsim<tr~«vDvOi-ioom 
foncofocomroncofo 

ITiOvOvOCTivOOOO'-l 

vD 

m 
w 
(U 

rH c o 
•O O O W 
H -H   3    ß 

T3 (Ö O E 
ß -H »-I -H 
(Ö > P.'Ö 
•U)   0) ^^ 
W 13 »*-) 

O 
•-> 
x: o 
ß 

CO 
w 
<u 

rH 
ß 

(U o 
N «H 

•ri C0 
CO ß 

0) 

S ß •« 
O 
U 

43 
O 
ß 

ß « 

ir>vDcr>i-<r-icocyioocy>cM 
invDvoroOCT\vDr~.\£)00 
r-li-(i—li—ICMr-It-Ir-If-Ii-H 

!■«        ••••••• 
oooooooooo 

CT»COC^vOOvDC\lf^rOi-i 
cM<finCT>oo^iovoinr~ 
C>JCvl<M>-lfOCslCS<NCSCS •       ••••••••• 
oooooooooo 

o    o 

\D     t-. 

CM      CN 

l^.covo>x>r>)rooNCT>cMir) 
oom<rconcsvou~it-~<f 
mmiovovoirimirimin 

• •••#■•••« 

oooooooooo 

ß 
e x; '-N 

•H 60Xi 
O -H r-1 
(U (U s-' 

M 

o 
53 

ovon<rcoooor^iv>,-H 
r- cr>—<cNi<roo<rfriTi'-i 
ex, r^ooocrir^oooooooo •   •••••««•• 
ooo>-ioooooo 

r-((N)CNicMc>JCMeMcsicMcsi 

oooooooooo 

i-*eNjn^irivor^ooo>'-i 

in 

in 

vo 

in 

oo 
io 
oo 

vo 
oo 

CJ 
ro 

O 
0) 
4J 

0) •H 
on W 
W O 
)-i P- 
<Ü B 
> o 
< u 

n 73. 



IPPII|UIUJI.U      I   I ^m^^m<^^mmnmmmmB^i!^^^w^w^,^> ..!>.■•>.•.><.« ««.-I->i><iimw>>iiiMiiuiiiimaiwiup.iiiiiim«jii jiii «IJ^HUI.LI uu wiiiiuaiiiiiuiij«  ■■■JMI   u 11     11,11.11 

■ , 
% 

.. 

!.. 

\ 

.. 

0 
in 

>. 
M 
H 
(1) • 
c N 
<u 1 

4J 
baja c M 
•H H 
x: <U 
W XI 

B g 
0 O 

M 
0 m 
•H 
4-1 •» 
•H u 
U 0J 
(1) TJ 
P.  C 
(0 •H 

H 
13 >. 
s O 

1 
(1) 

0) P. 
N crt 

■H XI 
m w 
■P IS 

Ü 
3 § 
-o 1 
0 tH 
M (fl 
a-H 

P 

s 0) 
4J 

a) rt 
g ß 

1 

\D 
rH 

PQ 

a) 
r-< 
x> 
w 
H 

U   60 
•H   C 

00^ 
•ri x:  H XI 
O   (0 

p. M   <U 
CO   u 

0)  H 

txO 
C 

•H 
x: 
w 
u 
u 

tOX) 

rOOOoo-*vOoo-*'-i 
■-4mi-i<i,>x>ooi-Hoo 

00 <-H 
00 m 

o 
en 
cs 
m 

oooocriooooooo\oo cooo 00 

i ^ tiox> 
•H   P. M  rH 
U   4J 0)    I 
0)   3 C   -P 
P.   O <U   M-l 

en 

i-H w 

0 
o 

4J -H 
U (ß 
3    C 

O   B 

M-l 
O 

o 
c 

•H 

(T>oot>-cNim'-ir-vo ro-^ 
OIC^OOOOOOOOCTNC^ crioo 

•    ••••••• ** 
00000000 00 

o 
o 

(0 
co 
0) 

iH 
C 

0) o 
N -H 

•H (0 
(0   ß 

C       a) 
CD   4-1    B 
tt)   O  -H 

-o ^ 
o 
u 
Pt/-N 

X! o 

vomctMiH'-i-*'-1  er. LO 

CMCMCMCSCNCNCSCM   CNi<4 

odoooooo 00 

CO 
CM 

CS 
O 
CO 

c>javmcMcoi^^«*"icMin    vg 
CM>X)U-\COCOCVJCO>-H<1-CM    1    O      O 

•   «•  
00000000 00 

0 
a) 4-> 
e x! ^ 
•rl t>0XI 
U -H H 
0) <U ^ 
P.  > 

CO 

vO00OvOC"'^vD-*irl00 
r^^oo<r>3,cocr>'-<o CM 

OOOOOOOOOO 

.-HCMCMCM-HtStslC-ICS'   IN 
rororofOrocomcococo 

•■••••••••    • 

OOOOOOOOOO 

o 
S5 •-ICMO-*lO\Or~.OOCT>'-< 

CO 0 
m \D 
f- r^ • • 
0 O 

CM 
cn • 
0 

a) 
4J 

0) •H 
on m 
m 0 
P a. 
Q) g > 0 
-5 0 

74 

- ~- ■         

iitltA'r^ifiiir'iri-"! 



.iimi«. iii..juuW mm mwi.mnuumimm>mnm\»* n •mwiwwiiim m*<''*^mmmm*i*'i\,>miim*mmmm*mißmm wmmmmmi 

■ 

i 

I 

0 

: 

; 

.; 

:; 

to 
u 
Q)     • 
C FQ 
a)   I 

C   60 
•rl -H 
•B 5! 

SB 
u o 

n 
U M-t 
•H 
<W •> 
•H U 
U 0) 
0) -O 
PU P) 
m -H 

a ü 
0) 

a) d. 

(0 (0 

4J « 

•O I 
O H 
M cd 

pi 0) 
n) w 
a) cd 
S ß 

i 

I 

'S 
H 

CO 
U to 

ü te OJ H 
(U  3   C   I 
ft M 

en u 
O)   4-> 

00 
c 

CO 
3 
U 
U 

0)    I 

a) LM 

m co >* a> CM vD CM ^ o VO •* 
cs ro r^ m ^ cri ^-< CM O O Cvl 
m CM vo oo <■ «n i-( en i-i VD CO 
en .-i -* m r- o a» ci r-t m i-4 

v£> vO vO m m VD m vo vo vo VD 

cMOinr>.<-<r-»cMcnr^in 
CN|CNCSOrHCM--ICNli-(CM 

a> 

0) 3 
P* o 

CO 

60^3 
^ rH 
(U    I 

0) 4-1 

cooincnaicnoor^enm 
CriOCT\'-tOCT^OtTiO^ 

c 
T) o 
M •H 
rt W 

•a cd 
c; •H s > 
^1 0) 

XI 

w 
in 
QJ 
t-l 
C o 

U   CO 
3   C 

o e 
U  -H 
CX'O 

IM 
O 

mt-<invO'-HOcicnor- 
vomoocoooo^-O'-Hoo 
^HrH^HrHr-HCMr-fCMCNrH 

■       ••••••••• 
oooooooooo 

o 
1-1 

i-l      VO 
oo    co 

w 
to 
a) 

rH 
c 

0) U 
N -H 
•H   CO 
w a 

OJ 
u e 
3 -O 

•O ^ 
o 
u 

O 
c 

\Dc^.oor~-iHoocvi<rtnoo 
stcMr~-r^r~crv'-40>-<t^- 
CMCMCSCSCMCMCMCncnCM 
«•»••••■•• 
oooooooooo 

o 
CM 

oo 

CM 

mvt«-<cs)>-)CT\OcocnvD 
CTiO>r~cn»-iooix)CO>>D'-H 
cncn-*-<t>a-cnco»3--cr«3- 

OOOOOOOOOO 

c 

(X  > 

i-l      <N 
CM      CS 
sr    si- 

0'-i-^<i-'no<i-cnoo\ 
ovCTvo»a---'cocncMO>rH 
inmr^vovoininr^vovo 

t    ■■••••••■ 
oooooooooo 

o 
55 

CMCMCMCMCMCslfHC'CMCM 
cncncncncncncnc   tnen 

•■•#••••        •• 

oooooooo   10 

^ -«r 
CM en 
so vO 

i-i rMen-x.-tmvDr^oo^'-« 

75 

CM 
en 

O <u 
+J 

0) •H 
60 M 
cd O 
u 'A 
OJ E 
> o 
<d C) 

^KMi ■ 
-    -■—-——■-■■'— 

■-•"-"tJ-l--Li'^^"'^ 



.liUpUJIIW^IWWWWW'! wm ll>.ili«WliHPPfWi..ill«i"lliiln»l«WUifc- in« HI i i    mmmw nawwjvi^nppvMnmnnnm MUWHIPJIIIIUJIIHUI WiW 

:. 

;   r 

■ 

i i 

I; 

M 
o 
m 
r^. 
00 )-) 
0) • 
pj rH 
o 1 

4J 
60 J3 
C to 

•H •H 
J3 QJ 
03 M 

s B 
O 0 

n 
o »H 

•H 
IW «t 

•H M 
O (1) 
0) TJ 
(x d 
m •H 

H 
13 ^ 
C O 
rt 1 

t) 
(U P. 
N d 

•H J3 
W m 

4J ♦* 

§j 
•d | 
O H 
u rt 
p. 

c <u 

I 
M 

V 

•8 

■/-> 
CO aDCMoovo<T>cgr^c^oovr ^H 

ON)       *J v0m-3-O00O«.+ i-lv£)CS| m 
•H   C   >>>w Ocoiria\ctcM^<i3^ovo CM 
«W  'H   60"^ aicMr^ooojcomovoo oo 
•H  X   H J3 r-.oot^r^cor^ r^r^r^co r~- 
Ü    W   Ü r-l 
<U   3   C    1 
P.  M   0)   -P 
WO        U-l 

^^^ 

M 
C   ^/-^ 

•H   60,0 •-irooo<-Hooooio-j-cofO CTi 
J3   J-i M inin<j-miri«a--4-p"io-in <!• 
U    01    1 r-*t-Kr-*r-{r-<r-tr-ii-ir-<i-* ^H 
0    0  +J 
fj    (U  14-1 
O        "^ 

c 
0)   4-1    >I^-N 
e a 60,0 OOOCOO^fOvDOOfnoO CM 
•H    (X M iH CM,-ICV|CNr-(CNtsltniNrH (N 
Ü   4J   Ü    1 ^-1 
O    3   C   4-1 
a, o v u-t 

Vi                      ^-s 

^ 
CO cor^ror-»cvjoini-iO(^- 00 oo 
w ■-ir^OO^HOOcrirocXii^- r^ 00 
0) CJ^HCNlrHCvJr-lt-lf-I^H^-l .—i ^H 

iH • • 
c oooooooooo o o 
o 

C   4J  «H 
"O   O   0   to 
M  -H   3   C 
r)   4J -o   QJ 

"O  rt o  e 
C  -H   k -H 
nj  >  ana 
4J   o;      ^-> 
tO  T3 «4-1 

o 
,--> 
^3 r^r-irooint^^H^r-sj-ro VO o 
O i-tvOOvOi-)vDCTvCTiCOvO ^D oo 
C mCMCO'-HfOCvJCNli-ICSlIN CM CM 

•H #••••••••■ • ■ 
s_^ oooooooooo O o 

/-\ 
(0 MoocvioofNivocNirin^)- sf m 
(0 cM>3-minvot-«cx)inesvo VO VO 
01 o-rovrcNmntncnrofo CO CO 
H •        ••••••••• • • 
C oooooooooo O o 

0)   o 
N -H 

•H   CO 
CO   ß 

C          0) 
CO   4J   B 
0)    U -H 
S   3 TJ 

t) ^ 
o 
Vi 
p,/-^ 

,3 Ofo^r<roo^cMt^rorH CM 00 
O cn,-<r~oonirir--rsi30<- sj- <r 
3 voirivoniomiriiri^j-in m m 
•H ■ • 
>-^ oooooooooo o o 

3 
<U    4J CSrHCMCSCM^CM-HCM^H CM 
B X ^. 

•H   CO^S 
O   -H iH 

cococopocnfocorococo CO 

oooooooooo d 
0)   a v-' o 
P.  > 4-1 
W a) •H 

60 CO 
CO o 
U p. • (U B 

o o > o a t-icMf"»«*iovor^ooo>,-H •5 o 

76 

iü •^MM ^-*"—  —^"  ■-f'<i«It.■.^*.(**;-■. i 



*MWWPIW*WIJ.I"L,'-''|J,IWM#^W 

|i 

i 

&    f 

: 

I    l 

I 0 
In 

o 
X-( 

>, 
bO 
M 
(U • 
c <: 
<U 1 

*J 
00 ^! 
c M 

•H •H 
J2 0) 
(0 ^ 
3 
M s 
O o 

M 
O IW 
•H 
m »» 
•H M 
o 0) 
(1) •o 
P. Ö 
w •H 

H 
TS ^ 
c U 
n} 1 

(U 
0) p. 
N n) 

•H JS 
m w 
4J •v 

o 
3 5 

»o i 
o H 
M n) 
P/iH 

M c <u 
rt +J 
01 r s B 

t-l 
I 

P3 

H 

CO 
U   00 U 
•H   C t^iw 
<« -H oo^ 
•H Ä H  XI 
U   (0 0)  H 
0)   3 C    1 
P. M 0)   4J 

OT   O 

60 
C 
•rl 

(0   0) I 

QJ   14-,' 

(U   4J 

a o 

3   M X 
P.   H rH 

0) I 
C +J 
0) IW 

OONO-^lO-HCOrH^-O 

i—ii—li—1>—if—lOiO"—••—io 

r^insTminr~.rocNi^Heo 
i-Ht—l»-it-i^-(03O'-iCMO 
CNIfNlCMCvICNi-ICNCvlfNlCsl 

> 
4J a 
t/J T)  «4-1 

o 

w 
0- 
0/ 

rH 
P 
o 

O   W 
3   (3 -a a) 
o g 
M   -H 
P.'O 

to 
0) 

C 
(U o 
N «H 

W 
(0 

n) w ß 
a) o «H 
S 3 -a 

o 
M 
Pi<-^ 

O 
c 

•H 

cN^a-i-ivfoovDOcomcs 

oooooooooo 

00rHr>-t-ir^vj^criCNico 
■-ICVIt-ICMCNrvlr-.fHtS'-t 

■        •••tiitvt 

OOOOOOOOOO 

vpoocMvor^nococNvo 
c\ioonino<rv£>cooo<r 
f» cs csj n ro •<!' cs| csi csl cv) 

oooooooooo 

n 
0)  u 

(1)     (1)   N-* 

a ? 
en 

I 

r-vOvDCNCTiO-r^OCMOO 
cocNj<rcnm'X)concsvo 

oooooooooo 

CS-^CSlC^lr^CSCMCMCMCS 

oooooooooo 

r-tcMcnNjirivor^cOCTi'H 

77 

oo 

o 

CN 

OD 
o 
CM 

o 

CO 
o O 

iri    o 

o   o 

C-4 
CO 

o 
(U 
*J 

0) •H 
60 to 
(0 o 
M (X 
0) B 
> o 
< o 

^-"■"^    ■   -  ■ *■-- — ,  ..,:„,. .        ^    . J 



w*™zm*mr^mi*mmmmm ^,Mi*I^«W»W^ii«^.W^WkvH'*^ 

_i- 

I    4. 

. 

u 
o 

UA 

fe 
n 
Q) • 
c o 
0) 1 

•U 
60 J! 
C W) 
•H •H 
Ä QJ 
(0 ,a 
3 
U B o o 

n u «w 
•H 
»4-1 *t 

•H w 
O 0) 
Q> -a 
P. C 
(0 •rl 

t-H 
X) ^ 
a o 
(0 1 

(U 
0) o. 
N rt 
•H J3 
(0 U) 

+J 

yg 
o , i 

n TO 
P,«H 

u 
(3 QJ 
rt 4J 
0) n 
« B 

1 

o 
rsl 

PQ 

<U 
r-l 
^ 
0) 
H 

u to 
•H   C 
»H   -rl 

4J 

C0-«. 
u & 

ü tn c) 
a) 2  ä   i 
P. M   (U   4- 

<4J 

to 

•H tO^Q 

(0   <D     I 

l-i    (U  4-1 

c 
QJ u 
B 3 60,0 
•H    O.   H   r-l 

0)   3 C   4J 
p, O   0) iw 
to 

mcsu-i\omronco>-!0 
r—«noovom^rrooomo 
mcsicMvDroocomcoiri 
cN(Mcr>voin(Nmv£)r^oo 

c 
o 
rl 

»O t3 O   E 
C -H M "H 
R) > O-T) 
4-1 (1) ^ 
to -d IW 

o 

CslfOrHCSOOCVlVOr^OO-* 

oooooooooo 

t--    00 

o    o 

CNjr-CNiroOt-<OcooOi-H 
oooorr>min>-ivDinr-r- 
CMtMCMCSINCNCMCNCNCS 

OOOOOOOOOO 

w 
w 
<u 

C 
O 

Ö (0 
c 
«   4-) 
a o 
S 3 -o 

0 u 

o 
c 

•H 

c 
ü   4J 

ti   60 ,0 

d)   (1) ^^ 
a > 

o 

•—i«tfr-or—^oooor^m 
>a-vcvDr-.ina>oo<Ncocs 
m^m^-d-in-a-m^-m 

oooooooooo 

iriocv)—ir-too<NO>-im 
ONCTiintTiCor—cscocNr— 

OOOOOOOOOO 

ON 
m 

oo 

CM 

O     O 

CM    n 
tH       i-H 
m    m 
o    o 

oo    Kl- 
in    vD 

m^incn-^fcor^roroc^ 
cimmcnnmrnmi-nn 

oooooooooo 

«-icMfistinvor— oocr>>-t 

CO 

<u 
60 
B) 
M 
(1) 

•rl 
CO 
o 
a. 
0 o 
o 

78 

_-. --_ 
—----■ miiiiiiiiiiliiliMii     i Bil««iil-.-«,«.-i.Vi      .   ...-::...-,,..-.avi.-j.«.* ■■.■.,,...,...,', A 



WW**??*!^**™?^^ 

u 
I 

U u 
o 

iw 

fe 
M 
<u • 
a CM 
0) I 

■u 
60 J3 
c ou 

•H •H 
Ä (1) 
(0 ^3 

2 e 
u o 

M 
o M-l 
•H 
m #< 
•H U 
O 0) 
0) -o 
P. c 
m •H 

i-l 
•o >. c O « 1 

<u 
01 p. 
N <n 
•H J3 
to (0 

•U M 

U 
0 g 
•a 
o H 
u nt 
P. •H 

n c 0) 
01 4J 
0) rt 

JS B 

CN 
I 

^ 
«n vOU-»O>3-<J-00(y>vl-tvJ^H VO 

"60        W •j-oovj-^r^fovo^rmfM ON 
i    - >^y-i srcoo^-cor^ovor^o CO 
l^,  -H   00"^ vOsj-vooor^tMcnr^r^-c^ VD 
Ti Ji   u  & <--*vf<-<j-<rva--d->d-<r vr 
O   (0   0) iH 
0)   3   C   1 
p M  a) 4J 

CO   O         >*J 
s^ 

00 
c  t»-.-^ a, u-iio>-ii-tcMvo<-<o>i-i oo 

•H   60,0 COOOODC\(T>OOCOO>00^ oo 
Ä   H rH 
(0   0)    1 
3   C  JJ 
p    (U  IM 
u      ^ 

c 
a) u t>>/-s <-iiriino\a\m^a\'-t(T\ CM 
B    3   60^3 r-.r^r~.vovor^r»-vor^vD t» 

■H   P<  M  rH 
U   U   Q)    \ 
<U   3   C   .P 
P  O   0) M-i 
w             v-/ 

/-s 
(0 crinoovo<fr^vcmr^r~ O ON 
w aiin^O'or^-m'-Hr^tn r~. CO 
QJ f-lrHi-ICMi—li—li-Hr-lr-lr-l i-H r-( 

i-l • • 
c oooooooooo o o 
0 

C   ^1   -H 
T3   O   U   W 
W  "H   3   C 
n) 4J TI  a 

•O  n)  o  E 
ß  -H   M  -H 
rt  >  p-a 
4J    0)          »w' 
W  TS  4-( 

O 
/-s ^ f^r^csivo«d-<ft^-'^eM(S en r-l 
a cy\tMa\o~3-vomr^voro m CO 

5 Csj   CM  CM   C-)  CS   CS  CM   ^-1   CVJ   CM CM CM 

OOOOOOOOOO o O 

X-\ 

01 OivOi-iva-OCMrOvOCOi-i r-t •* 
(0 r^m^i^ocnr-.r-io-cf •* St 
01 vi-co<j-«3-<rm'j-ic^**<d- ><r -d- 

i-H • a 

3 oooooooooo o o 
OJ   0 
N -H 

•H   (0 
W   C 

C         QJ rt w g 
<U   U »H 
2   3-0 

-o ^ 
2 
P^-N 

Ä N3-a><ri<Miriinr^oiri'-< r^ vO 
o fHcMvrOüNOvor^^io m vO 
3 r^iovor^mt-~oo~3-mvo vD SO •S •    ••••    ••«•• • 

v*x oooooooooo o o 

3 
0)   4-1 -*«3-fn>*<-<rvD^-fncn <r 
B .3 ^ 

•H   60^3 
röföcocococococ*. ncn n 

U  i-< rH OOOOOOOOOO o 
<U   <U v-' 0) 
Ou  > u 
W OJ •H 

60 05 
rt 0 

a • (U S 
o o > o 

S5 -^cMco«3-irisDr^ooo\'-t < o 

79 

eMtfiMüia i^MMHUMIilMMiHiMl w.^^>i-w>^a,at^»..ii.«fa;iJj.^'j'.^~i.-.> ■. ^.t^ . 

I 



Ijp^JU.iJ 1 «)'¥*«*-5;W^ VWW,|»»WlüllWJWM^)!|J*l'lMP^«WM^»«l-iM. uaijffj^»." 

: 

i: 

.. 

1 

i. 

i 

i . 

u 
o 

IW 

fe 
w 
Q) • 
c PQ 
0) I 

+J 
öo^; 
c bO 

•H •rl 
JC QJ 
to X 
g (3 
o O 

U 
o <u 
•H 
M-l n 
•H >J 
U QJ 
<U ■d 
CX d 
W •H 

iH 
• 1 >. 
c O 
rt I 

0) 
0) p< 
N n) 

•H Ä 
(0   (0 

sg 
o I-l 
M rt 
P.-H 

u 
C (U 
<n ■P 
a) cd 
S B 

Csl 
CN 

pa 

(D 
r-l 
JO 
ca 
H 

U bD 
•H ß 

O CO 
0) 9 
Cu >-( 

4-1 

u & 
(U t- 
C   I 
0)   4J 

60 

u 

bOX- 

d +J 

OvDCO  i-tl^CMCvlOOC^JOO 
vrmr». <J\COCOCOOOVD 
o-io-j- t-»ioinvDCM'—icr> 

>^)vOvD   LOvDvOvOvOvOvO 

r- t~- CNJ 
i-l   CM   CN 

d 
ß   S 60^3 

O   4-1 (U    I 
0)   3 C   IJ 
P.  O (U iw 

d 4J 
TJ o U 
M •H J 
cfl 4J •a 

T) R) o 
d •rl M 
rt > a. 
AJ 0) 
CO -o 

o 

Ü 
a 

(0 
(0 
<u 

d 
o 

•H 

d 0) 
d 
n) 4-i 
OJ u 

o 
M 
P4/-V 

^! 
U 
ß 

d 
(U 4J 
B Ä /-^ 

•H t>0X> 
Ü -H  r-l 
a) OJ "«-^ 
a > 

cr> ^f cr> r^ r^ o CM 
O   CM   rH   CM   rH   fvj   CM 

O 

ro o oo ■—i vo i—i ro ci o 00 
ocriCTir-iaNOt^oocri 

o 
o 

r^i^coooooaioomrHin 
coOvDoooooo<rcT\cMr^ 

oooooooooo 

r»    o 
VO     00 

o   o 

rH r^ eo ON   SO   i-H   00 r-i cri o r- 
CO m vj r^ r^- co rH ON r>- so •J- 
CM —1 CM CM  CM  CM  CM CM   rH   CM CM 

• •     • •      •      •      • •       •       • • 
o o o o o o o o o o O 

rH <j- a» CM so >a- CM ^ o r^ ON 
CM oo en <r CM TO CO r-i ON m r-» 
vf Cvl <»■ ■* <f en en ■<}• CM en en 

• •    • •    •    »   • •    •   • • 
o o o o o o o o o o o 

SO 

CM 
CO 
en 

o 

rH  r     00   SO  SO  CM   OS 
en r-i -j- in CM t-^ oo 
so <■ so sc^ so m -* 

oooooooooo 

r-. ON CM <N o 
rn CM en SO r- 
so vf m m m 

mcMcn^en^cn-a-cnvi- 
cnencnenenenenenencn 

oooooooooo 

i-<CMCn«*lASOf~-00ONrH 

80 

o- 
en 

o 
(U 
4J 

0) •H 
W) to 
rt a 
u a. 
v b 
> u 
< CJ 

^ mmtm i 



.. uoiPHuiin., ii..m IIMIJJPI»^ 4. * ..I,<|.M..   IN i n iij.uuimm m*vmmw> .uwi.,w«w>«"«-w»" n .i wmm*!mmmmmm*im^mmm^mv*''mimm*immri vmimifmmi '■•i 

,   ■ 

«k 

i: 
! 

r 

u 
o 

>t-l 

^5 
»-I 
<u • 
c i—i 
a) 1 

4J 
box: 
c CO 

•H •H 
J3 0) 
(0 J3 
3 
M e 
O o 

u 
O >+-( 
•H 
«M #t 

•H M 
U Q) 
Q) T) 
a C 
w •H 

rH 
TJ >> 
c O 
to 1 

<u 
0) p. 
N tn 
■H x 
10 w 

4J A 

O Jsr^ 
3 Ht4 
-d 1 
o rH 
u RJ 
(X-H 

H 
C <U 
rt U 
a» tfl 

S e 
i 

CO 
esj 

cc 

flj 
I-l 
^ 
to 
H 

O 00 
•H C 
IW TI 
•H £ 

CO 

00"-v 
u & 

U CO 0) H 
(U 3 C I 
p. M   0)  4- 

60 
c 

(0  <u 
3   Ö 

oca 
I 

<u <u 

C 
0)  u 
B 3 
•H   P.  M rH 
0 4J 
01 3 
P. O   0) M-l 

CO ^ 

01    I 

to 
(0 
0) 

I-l c o 
C   W  -H 

Xl   o  u  w 
W -rl 3   C 
to +J TJ   01 

TS flj O   e 
C -H M  -H 
tO > PHTS 
4J 0) 
W 13 M-l 

O 

o 
0 

c 
to 
<U 

(0 
(0 
0) 
H 
3 

0)   o 
N  TI 

•H   tO 
10   3 

0) 

3 -a •o «»^ 
o 
M 
p/-s 

X! 
O 
3 

oi^-m^f-^i^cvityiOts 
OtOOiOr^^J-vOLOvD^ 
mcs-Hfoor^-ncMoor- 
oovor~»cT\'-Ha\00coi^ 
r^t^.r~vDoop^oocor^r^ 

cMCMr^cMinc>jcNitsr^r^ 

(S|CSIC>4rO»-lr-<^H^HCV|CNj 

vocMnrocncni^co>*o 
c^r>jncT\r^cN)c^ivor^oo 
r-li—Ir-Hr-lr-(.—II^F—I.—I.—I 

•      •••••<*■•• 

oooooooooo 

•j-Ooooor^cocAor^f^ 
oooocnooiocooominvo 
tH^Ht-ICMCSIr-I^HCSJrslCSl 

•    •'<•■•«••• 
OOOOOOOOOO 

00 

CM 

m 
tN 
cs 

en 
cs 

o\romc"i.-(coo"0\Dio 
O\00CN^-iC0O00O^-('-i 
cMcscoorocotNn^rcn 

oooooooooo 

3 
0) 4J 
B .3 /-s 
T) 60 ,P 
U -H H 

p- * 
en 

o 

f-^r«.<i-irici'-iioooinoo 
rO'-ioot-i^in'-im'-tvD 

•       ••••••«•• 
oooooooooo 

cMn<r-*«*<t<r-srcn»* 
cocorocöcocöröcococn 

oooooooooo 

i-icMrosr»ovor>~oOCT»^-t 

r^    oo 
CM      CM 
en    co 

O    O 

m CM 
oo o\ 
-a- <• 

o d 

o- 
to 

• 
o 

d) 
u 

0) •H 
on to 
to o 
n p 
<u B 
> o 
< o 

81. 

- -    ■ - :—  iiliii1iiiiirritif>lifJ-'"',-"^-,--"itliiiiitii' iWM-.        . 



liPP«M!psi#w:*MiWMi|pu^^^ iuw.iLJ.nwp^Hmiw! 

11 

: 

.. 

«. 

■ 

i 

I 

u 
o 

M-l 

53 
u 
(\) • 
c < 
V 1 

*J 
00 X! 
ß (JO 
•H H 
JZ a> 
M J3 
3 
H e 
O o 

M 
O I« 
•rl 
lt-1 »I 

•H V« 
O a) 
(U •a 
p. Ö 
(0 •H 

t-t 
-o >. c o 
(0 1 

(U 
0) p, 
N <t) 
•H x: 
(0 to 

4J * 
O 
3 n 

•Ö i 
o H 
u n» 
ft •rl 

M 
c 0) 
« 4J 
0) rt a 0 

1 

vt 
<N 

PC 

il 
r- 
X 
c 
H 

O   60 *J 

•H X! M XI 
O   CO Q) rH 
a)   3 C I 
O. H 0) 4J 

00 

•H Mrf) 
Ä ^ --I 
to a) l 
3 C *J 
H 0) 4-1 
u ^ 

vDOO'-<'-<-*^OOOf^vO 
OO'-<ü>O-*OOOOC^'-<<J- 

0'-<'-',-,00'-iO'-<^-l 

0'-<'-''-,CT^C^OO'-<0 
(NCNCMCS>-i>-tCSINCMCN 

in 

CO 
o 

OO 
o 

c 
a) 4J 
e. 3 MX" 

■H   ft  M rH 

fl)   3 
ft  O   0) ^H 

CO "^ 

0)    I 
C   4J 

ocri<y>iriOvDooovDco 

to 
to 
(U 
H 
B 
o 

a •u «H 
o  ü m 

3  C 
cd 4J "ö  a) 

C 

4J 

n) o e 
>  ft-ö 
0) 

W 13 M-l 
O 

inovo^ncS'-ic-vi^i'mcM      <t    in 
»-HCSlr-4t—(T—It—(r-Ht—It—It—I 

oooooooooo 

to 
to 
a) 
H 
3 

tu o 
N TI 

to 
to 

C a; 
ra w ß 
a) a -H 
Sat) 

»o >-> 
o 
U 
ft/-N 

o 
3 
•H 

coo\inv£>aDvX)00'-<cNir^ 
CMCNirvlf-li—I'-^'-I^CMt-l 

•   «■•••«■•• 
OOOC'OOOOOO 

o   o 

CM 

o 
ro 
CM 

vOCM-d-cMi-HCMino-coro 
00O•-lO^-^^nf,^m^X)^0 
CM-il-COflfOCJfMfllNCM 

•      •■■•I*«*« 
oooooooooo 

3 
0) 4J 
ß .3 ^^ 

•H t,0,£i 
O «H H 

ft > 

vo^rovocriror^csoNro 

«d'in>3-<-'<rnromrOfri 

oooooooooo 

CO 1^- 
CTi <Tv 
CM CM 

O O 

-tf-fio-cnfOfici-iincnfi 
mcomrocococncnrocn 
oooooooooo 

o 
S5 ^-tCMCOvT'OvOt^-OOON'-l 

in in 
CO ■* 

St <j- 

<!■ m 
O a) 

*J 
a) •rl 
on to 
3 O 
^ ft 
a) 0 > b 

■5 u 

82 

**m mmimmmmi^ 
:.„-..^U* w. ,..■,■:.. 



W"""»*-*""WW"W!W"^*B  W    .linilllJIMJi.iil|iJ(l,.W^WUI.Ii  J«1 ii^WWffWJftWIWiÄHSBP! f PM-ipfH ,"M""J'"' 

I 1» 

•ttl 

! 

i. 

APPENDIX C—COMPARISON OF VARIOUS DISTRIBUTION FUNCTION FITS 

Table C-l. - Comparison of various distribution function fits - Wausar. 
quartzite, irregulcr shape 

Line: Y = A + BX Correlation 
coefficient 

Coefficient 

Distribution Intercept 
A 

Slope 
B 

of 
determination 

WAUSAU QUARTZITE -HEIGHT A, IRREGULAR SHAPE, 30 TESTS 

Negative exponential.. 
Loe Welbull  

0.000 
-2.423 
-0.569 
-0.967 
-0.034 
-1.480 

-0.739 
1.338 
1.075 
0.843 
0.807 
1.067 

-0.977 
0.968 
0.983 
0.966 
0.949 
0.994 

0.899 
0.965 

Welbull  0.972 

Power curve........... 0.988 

LOP normal............ 0.928 

Normal................ 0.993 

WAUSAU QUARTZITE -HEIGHT B, IRREGULAR SHAPE, 30 TESTS 

Negative exponential.. 
Loe Welbull  

0.000 
-3.007 
-0.955 
-1.274 
-0.317 
-1.790 

-0.620 
1.492 
1.176 
0.977 
0.809 
1.097 

-0.930 
0.979 
0.975 
0.991 
0.928 
0.997 

0.785 
0.977 

Welbull  0.949 

Pouer curve  0.968 

T.oe normal............ 0.900 

Normal.............■•• 0.997 

WAUSAU QUARTZITE -HEIGHT C, IRREGULAR SHAPE, 30 TESTS 

Negative exponential.. 
Log Welbull  
Welbull  

0.000 
-3.717 
-1.522 
-1.736 
-0.715 
-2.098 

-0.406 
1.602 
1.249 
1.111 
0.755 
1.033 

-0.907 
0.984 
0.969 
0.9P3 
0.911 
0.997 

0.739 
0.978 
0.881 

Power curve........... 0.890 

Loe normal............ 0.838 

Normal  0.996 
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Table C-2 Comparison of various distribution function fits - anarthosite, 
Irregular shape 

Distribution 
Line: Y = A +BX 

Intercept 
A 

Slope 
B 

Correlation 
coefficient 

ANORTHOSITE-HEIGHT A, IRREGULAR SHAPE, 30 TESTS 

• • • • • 

Negative exponential. 
Log Weibull... 
Welbull  
Power curve... 
Log normal.... 
Normal  

0.000 
-2.892 
-0.849 
-1.206 
-0.222 
-1.753 

-0.721 
1.490 
1.164 
0.941 
0.833 
1.146 

-0.919 
0.983 
0.970 
0.992 
0.915 
0.996 

ANORTHOSITE-HEIGHT B, IRREGULAR SHAPE, 30 TESTS 

Negative exponential. 
Log Welbull  
Welbull  
Power curve  
Log normal  
Normal  

0.000 
-3.798 
-1.693 
-1.878 
-0.833 
-2.128 

-0.358 
1.542 
1.191 
1.071 
0.702 
0.971 

ANORTHOSITE-HEIGHT C, IRREGULAR SHAPE, 30 TESTS 

Negative exponential, 
Log Welbull  
Welbull  
Power curve  
Log normal  
Normal  

0.000 
-4.545 
-2.336 
-2.456 
-1.208 
-2.418 

-0.233 
1.630 
1.233 
1.152 
0.648 
0.913 

Coefficient 
of 

determination 

0.711 
0.989 
0,937 
0.959 
0.880 
0.993 

-0.856 0.669 
0.986 0.982 
0.962 0.818 
0.980 0.819 
0.905 0.778 
0.991 0.979 

-0.824 0-59^ 
0.991 0.996 
0.947 0.639 
0.962 0.623 
0.885 0.625 
0.987 0.961 
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Table C-3 Comparison of various distribution function fits 
irregular shape 

Felch marble. 

Distribution 
Line: Y = A + BX 

Intercept 
A 

Slope 
B 

Correlation 
coefficient 

Coefficient 
of 

determination 

FELCH MARBLE-HEIGHT A, IRREGULAR SHAPE, 30 TESTS 

Negative exponential, 
Log Weibull  
Weibull  
Power curve  
Log normal  
Normal , 

0.000 
-3.138 
-0.900 
-1.269 
-0.232 
-1.888 

-0.912 
0.983 
0.970 
0.990 
0.915 
0.998 

FELCH MARBLE-HEIGHT B, IRREGULAR SHAPE, 30 TESTS 

Negative exponential. 
Log Weibull  
Weibull  
Power curve  
Log normal , 
Normal  

0.000 
-3.561 
-1.375 
-1.610 
-0.618 
-2.029 

■0.442 
1.590 
1.251 
1.100 
0.775 
1.050 

-0.931 
0.980 
0.973 
0.987 
0.930 
0.998 

FELCH MARBLE-HEIGHT C, IRREGULAR SHAPE, 30 TESTS 

Negative exponential. 
Log Weibull  
Weibull  
Power curve  
Log normal  
Normal  

0.000 
-4.565 
-2.097 
-2.261 
-1.040 
-2.453 

-0.324 
1.816 
1.385 
1.272 
0.758 
1.064 

-0.852 
0.991 
0.954 
•0.970 
0.895 
0.994 
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0.652 
0.987 
0.946 
0.962 
0.888 
0.997 

0.777 
0.977 
0.912 
0.925 
0.866 
0.998 

0.594 
0.990 
0.739 
0.721 
0.714 
0.984 
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Table C-4 - Comparison of various distribution function fits 
quartzite, disc shape 

Wausau 

., 

I 

■ 

. 

Distribution 
Line: Y = A + BX 

Intercept 
A 

Slope 
B 

Correlation 
coefficient 

Coefficient 
of 

determination 

WAUSAU QUARTZITE-HEIGHT A, DISC SHAPE, 10 TESTS 

Negative exponential.. 
Log Weibull  
Waibull  
Power curve  
Log normal '. 
Normal  

0.000 -4.175 -0.998 0.982 
-0.821 2.750 0.979 0.972 
1.368 0.957 0.992 0.986 
0.131 0.462 0.993 0.974 
1.887 1.034 0.978 0.951 

-0.510 3.058 0.992 0.992 

WAUSAU QUARTZITE-HEIGHT 1, DISC SHAPE, 10 TESTS 

Negative exponential.. 
Log Weibull  
Weibull o  

0.000 
-1.458 
1.016 
0.060 
1.404 

-0.994 

-3.018 
3.170 
1.064 
0.643 
1.015 
3.125 

-0.978 
0.997 
0.974 
0.996 
0.944 
0.998 

0.886 
0.996 
0.962 
0.993 

Lna noTmal  0.913 

Normal  0.997 

WAUSAU QUARTZITE -HEIGHT B, DISC SHAPE, 10 TESTS 

Negative exponential.. 
Loe Weibull............ 

0.000 
-1.503 
0.595 
-0.098 
0.902 

-0.957 

-2.089 
2.684 
0.903 
0.615 
0.790 
2.411 

-0.990 
0.995 
0.974 
0.993 
0.951 
0.997 

0.946 
0.993 

Weibull  0.954 

Power curve ....<•  0.981 

Loe normal............ 0.919 

Normal  0.995 

WAUSAU QUARTZITE-HEIGHT 2, DISC SHAPE, 10 TESTS 

Negative exponential.. 
LOE Weibull  

0.000 
-1.836 
0.285 

-0.311 
0.632 

-1.194 

-1.728 
2.539 
0.934 
0.663 
0.789 
2.233 

-0.914 
0.987 
0.942 
0.987 
0.884 
0.964 

0.795 
0.975 

Weibull  0.905 

Power curve  0.936 

T.ntx TioTrnaX ........•>•• 0.857 

Normal................ 0.955 

WAUSAU QUARTZITE-HEIGHT C, DISC SHAPE, 10 TESTS 

Negative exponential.. 
Loe Weibull  

0.000 
-2.244 
-0.203 

. -0.653 
0.209 
-1.432 

-1.327 
2.483 
0.885 
0.670 
0.695 
2.046 

-0.803 
0.941 
0.870 
0.946 
0.780 
0.885 

0.427 
0.863 

Weibull -  0.707 

Power curve........... 0.700 

LOE normal....•••  0.665 
Normal................ 0.800 
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Table C-5 - Comparison of various distribution function fits - anorthoslte, 
else shape 

Distribution 
Line: Y » A + BX 

Intercept 
A 

Slope 
B 

Correlation 
coefficient 

Coefficient 
of 

determination 

ANORTHOSITE-HEIGHT A, DISC SHAPE, 10 TESTS 

Negative expo lential.. 
LOR Welbull  

o.noo 
-1.600 
1.012 
0.074 
1.384 

-1.096 

-2.942 
3.337 
1.125 
0.703 
1.051 
3.230 

-0.967 
0.995 
0.977 
0.998 
0.943 
0.996 

0.858 
0.992 

Welbull  
Power curve  

0.968 
0.996 

Log normal  0.922 
NoTmal  0.994 

ANORTHOSITE-HEIGHT 1, DISC SHAPE, 10 TESTS 

Negative exponential.. 
Log Welbull  
Welbull  
Power curve  

0.000 
-1.582 
0.564 

-0.092 
0.848 

-0.996 

-1.9/t5 
2.719 
0.931 
0.657 
0.790 
2.370 

-0.995 
0.989 
0.986 
0.997 
0.968 
0.997 

0.971 
0.985 
0.973 
0.992 

Log normal  
Normal  

0.946 
0.996 

ANORTilOSITE-HEIGHT B, DISC SHAPE, 10 TESTS 

Negative exponential.. 
Log Welbull  . 

0.000 
-1.931 
0.191 
-0.293 
0.464 
-1.199 

-1.395 
2.711 
0.914 
0.708 
0.707 
2.155 

-0.986 
0.994 
0.976 
0.991 
0.951 
0.996 

0.941 
0.992 

Weibull  0.942 
Power curve  0.964 
LOR normal  0.912 
Normal  0.992 

ANORTHOSITE-HEIGHT 2, UJ. "  SHAPE, 10 T'STS 

Negative exponential.. 
LOR Welbull  

0.000 
-2.202 
-0.040 
-0.513 
0.321 

-1.400 

-1.351 
2.5S5 
0.949 
0.726 
0.739 
2.115 

-0.059 
0.970 
0."20 
0.974 
0.847 
0.934 

0.644 
0.929 

Welbull  
Power curve  

0.816 
0 <531 

Log normal  
Normal  

. 0.772 
0.889 

ANORTHOSITE-HEIGHT C, DISC SHAPE, 10 TESTS 

Negative exponential.. 
LOR Welbull  

O.COO 
-2.549 
-0.562 
-0.909 
-0.097 
-1.574 

-0.990 
2.414 
0.862 
0.695 
0.625 
1.839 

-0.772 
0.911 
0.845 
0.914 
0.753 
0.853 

0.364 
0.769 

Welbull  
Power curve  

0.569 
0.547 

LOR normal  0.554 
Normal  0.719 

! 
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Table C-6 - Comparison of various distribution function fits 
disc shape 

- Felch marble. 

• 

— Line; Y = A + BX  Correlation 
Distribution      Intercept      Slope  coefficient 
      A I  

FELCH MARBLE-HEIGHT A. DISC SHAPE, 10 TESTS  

Negative exponential..     CÜjöö      ^082     ^971 
LogWelbull     -.53        3.323 

rbUl1     0 105 0.695      0.998 
fowerCUrr      UM       1.068      0.953 
jj^S!^::::::::::::   ■1:04%      3.256     0.997 

FELCH MARBLE-HEIGHT 1. DISC SHAPE, 10 TESTS  

ä^Tv-e exponential..     OÖÖ      =234^    -0 977 

^IZT11 :;::   ' «^      l:m 
le±huU  0 026 0.718 0.996 
yowerCUrr  IS 0.981 0 948 
tog««»«1  .i    i7 3.005 0.997 
Normal    • • * ' - - 

' FELCH MARBLF-HEIGHT B,  DISC SHAPE,   10 TESTS   

Negative expone^iT: ö^öö ^790 ^981 

Lo8Weibu11  'lill 1030 0.979 
fibu11  In 0 758 0.994 ^er curve  0 IH o ^ 

^n?rmal  _i211 2.561 0.998 Normal      *****  

FELCH MARBLE-HEIGHT 2, DISC SHAPE, 10 TESTS   

Negative exponentiTlT:     OÖÖ      ^154     ^Ö^T 

ZiZT11 ::   "'. *™2 
"elbu11  _0 354 0.811 0.993 ^er curve  0 354 o>g66 

^n°rTnal  .i363 -..161 0.998 
Normal      t<-'"J  

FELCH MARBLE-HEIGHT C, DISC SHAPE, 10 TESTS  

Negative exponential.:    "OÖÖ      ^ 'o.lll 
LoßWeibull     -.5*9        2.64 
Weibu11  ".SI 0 79?      0.992 
fowerCurye  _? 39 0.584      0.973 
^t«»«*1  .1J99 1.742      0.997 
Normal  fc.^»»  

Coefficient 
of 

determination 

0.885 
0.987 
0.980 
0.995 
0.939 
0.998 

0.885 
0.995 
0.962 
0.989 
0.919 
0.996 

0.926 
0.994 
0.961 
0.985 
0.927 
0.998 

0.957 
0.986 
0.963 
0.980 
0.937 
0.997 

0.973 
0.981 
0.960 
0.971 
0.938 
0.995 
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